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Abstract 
 
Geochemical and Geochronological Relationships between Granitoids of 
the Biga Peninsula, NW Turkey 
 
Karen Naomi Black, M.S. Geo.Sci. 
The University of Texas at Austin, 2012 
 
Supervisor: Elizabeth Catlos 
 
The Aegean Sea is considered to be a classic back-arc basin. Back-arc basins may 
develop by active processes including retreat of the overriding plate or upwelling from 
the subducting slab. Alternatively, back-arc basins may develop as passive responses to 
regional tensional stresses. The Biga Peninsula of western Turkey provides an 
opportunity to explore and test these models. The Biga region is characterized by 
granitoid plutons of Cretaceous to Miocene age that may provide insight into the nature 
of extension. This study focuses on understanding the evolution of three of these plutons, 
the Kozak, Eybek, and Kestanbolu. 
Geochemical and geochronological data and cathodoluminescence (CL) images of 
the rocks and zircons were acquired. The first in situ (in thin section) ion microprobe U-
Pb ages of zircon, and the first zircon ages ever reported from the Kozak and Eybek 
plutons are presented. Zircon ages range from 36.5±6.6 Ma to 17.1±0.7 Ma (
238
U/
206
Pb, 
±1) with two ages from a single grain of 280±18 Ma and 259±14 Ma. Samples from the 
Kozak and Eybek plutons are magnesian, calc-alkalic, and metaluminous, whereas the 
 vi 
Kestanbolu rocks are magnesian, alkali-calcic, and metaluminous with one ferroan 
sample. The Rb vs. (Y+Nb) diagram suggests the Kozak and Kestanbolu plutons have a 
volcanic arc source, whereas the Eybek pluton records a within plate setting. CL imagery 
documents magma mixing, brittle deformation, and fluid- rock interactions based upon 
cracked plagioclase cores, cross-cutting microcracks, and fluid reaction textures of 
myrmekite and red rims on alkali feldspar.  
The plutons were generated following the collision of the Sakarya continent with 
the Anatolide-Tauride block. Geochemical data suggest the Kozak and Kestanbolu 
granitoids were generated by fluid flux melting from dehydration of the subducting slab 
of the Anatolide-Tauride block. The Kestanbolu granitoid intruded into the Vardar Suture 
north of this collision, whereas the Eybek pluton was created within the lithosphere 
during exhumation of the Kazdağ Massif. The Eocene - Oligocene zircon ages indicate 
emplacement and initial crystallization of the plutons. Early Miocene ages indicate 
ongoing extension in the region at this time and are consistent with earlier interpretations 
that subduction slab roll-back along the Hellenic arc formed the extensional environment 
in the region at this time.  
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Chapter 1:  Introduction 
1.1 INTRODUCTION  
“Although subduction is a first order plate tectonic process, the factors controlling 
the dynamics of slab roll-back and back-arc formation are still not very well 
understood.” (Huismans and Beaumont, 2005) 
The Aegean Sea has experienced back-arc related extension thought to have 
propagated from north to south since the Late Oligocene (e.g., Le Pichon and Angelier, 
1979; Jolivet and Faccenna, 2000). Extension is often attributed to subduction slab roll-
back along the Hellenic Arc (Figure 1-1) (Le Pichon and Angelier, 1979; Jolivet and 
Faccenna, 2000; Brun and Sokoutis, 2010; Jolivet and Brun, 2010). Evidence of 
extension includes exhumed metamorphic core complexes and igneous bodies that record 
multiple episodes of Cenozoic magmatism (Seyitoģlu and Scott, 1992; Bonev and 
Beccaletto, 2007). This study focuses on the Biga Peninsula of northwestern Turkey 
(Figure 1-1) to study the driving processes of extension and exhumation in back-arc 
basins.  
Models used to describe the extension in back-arc basins focus on active driving 
forces and passive responses (Flower et al., 2001; Corti et al., 2003; Flower and Dilek, 
2003). For example, back-arc basins may form as a result of random mantle plume 
injections, retreat of the overriding plate, upwelling from the subducting slab, or 
combinations of these models (e.g., Horvath et al., 1981; Taylor and Karner, 1983; 
Flower et al., 2001; Sdrolias and Müller, 2006). Emplacement of magmatic bodies in 
continental lithosphere during extension can thermally weaken the crust and may result in 
enhanced deformation and strain localization during extension (Corti et al., 2003). With 
regards to metamorphic core complexes, magmatism can trigger their exhumation along 
large scale detachment faults caused by upward doming of the pluton (e.g., Parsons and 
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Thompson, 1993; Hill et al., 1995; Corti et al., 2003). As opposed to these models, 
magmatism in the region has been suggested to be a “passive response”, a consequence 
of extension regulated by regional tensional stresses (e.g., Corti et al., 2003). 
This thesis presents geochronological and geochemical data from the Kozak, 
Eybek, and Kestanbolu plutons located in the Biga Peninsula. The Biga Peninsula of 
northwestern Turkey is located adjacent to the Aegean Sea (Figure 1-1) and contains the 
Kazdağ Massif and numerous exhumed igneous bodies. Information from these plutons 
can be used to better understand the driving processes of extension in the area and 
whether the role these plutons play is active or passive.   
1.2 OVERVIEW OF THE GEOLOGY OF WESTERN TURKEY 
Turkey is the amalgamation of several continental fragments from the 
supercontinents Gondwana and Laurasia that were sutured during the closing of Tethyan 
ocean basins since late Paleozoic times (Şengör and Yılmaz, 1981; Şengör et al., 1984). 
In northwestern Turkey, the late Paleozoic Vardar suture separates the Rhodope and 
Sakarya zones (Okay and Tuysuz, 1999; Beccaletto and Jenny, 2004), and the Izmir-
Ankara-Erzincan suture zone (IAESZ) is located further south and separates the Sakarya 
Zone and Anatolide-Tauride Platform (Figure 1-1) (Şengör and Yılmaz, 1981; Okay et 
al., 1996). These suture zones represent the closure of branches of both Neo- and Paleo-
Tethyan ocean basins (e.g., Şengör and Yılmaz, 1981; Moix et al., 2008). The IAESZ is 
commonly accepted as the division between rocks associated with Gondwana to the south 
and Laurasia to the north (Şengör and Yılmaz, 1981; Moix et al., 2008). 
Evidence for Cenozoic extension in the Biga Peninsula includes the exhumed 
Kazdağ metamorphic core complex located in the Sakarya Zone, and the region’s 
exhumed granitoid plutons (Altunkaynak and Yılmaz, 1998; Okay and Satir, 2000; 
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Yılmaz et al., 2001). The massif is flanked by the Eybek pluton in the east and the Evciler 
granitoid to the west (Genç and Altunkaynak, 2007; Cavazza et al., 2009). The Kozak 
pluton is located just south of the Biga Peninsula and north of the IAESZ in the Sakarya 
Zone (Altunkaynak and Yılmaz, 1998; Akal and Helvaci, 1999). The Kestanbolu pluton 
is located north of the Vardar suture in the Rhodope Zone (Karacık and Yılmaz, 1998; 
Şahin et al., 2010; Altunkaynak et al., 2012).  
Previous studies have reported geochemical and geochronological data on the 
Kozak, Eybek, and Kestanbolu bodies (Krushensky, 1976; Altunkaynak and Yılmaz, 
1998; Karacık and Yılmaz, 1998; Akal and Helvaci, 1999; Delaloye and Bingöl, 2000; 
Yılmaz et al., 2001; Genç and Altunkaynak, 2007; Şahin et al., 2010). Rocks from all 
plutons have been described as granite, granodiorite, quartz monzonite, and/or 
monzonite, based on their wide range of geochemical compositions. Their tectonic setting 
has been reported to be in the volcanic arc field, syn- collisional field, or within plate 
field, and the plutons are metaluminous or peraluminous (Krushensky, 1976; 
Altunkaynak and Yılmaz, 1998; Karacik and Yılmaz, 1998; Akal and Helvaci, 1999; 
Delaloye and Bingöl, 2000; Yılmaz et al., 2001; Genç and Altunkaynak, 2007; Şahin et 
al., 2010). The wide range of reported geochemical compositions may document multiple 
magma bodies within the plutons. A key problem is that many studies do not report 
sample locations, therefore it is difficult to interpret how geochemical compositions vary 
spatially across the plutons (e.g., Delaloye and Bingöl, 2000; Şahin et al., 2010). The 
wide range of geochemical data for the plutons requires more information to better 
constrain the possible sources and settings of these rocks and to identify possible units 
within the plutons.  
The rocks also have a range of reported ages. For example, the Kozak pluton has 
ages of 37.6±3.3 Ma to ~13.0 Ma (K-Ar orthoclase and Rb-Sr biotite) (Ataman, 1974; 
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Bingöl et al., 1982; Delaloye and Bingöl), whereas the Eybek pluton is 34.7±2.0 Ma to 
20.1± 0.7 Ma (K-Ar orthoclase and U-Pb zircon) (Murakami et al., 2005; Altunkaynak et 
al., 2012). The Kestanbolu pluton ranges from 28.0±0.9 Ma to 20.5±0.6 Ma (K-Ar whole 
rock, and K-Ar hornblende) (Fytikas et al., 1976; Delaloye and Bingöl, 2000). Zircon 
ages have not been previously reported from either the Kozak and Kestanbolu plutons, 
and in situ (in thin section) analyses have never been performed to better constrain the 
timing of crystallization of these plutons.  
In addition, cathodoluminescence (CL) has the potential to provide information 
regarding brittle deformation and fluid–rock interactions the plutons may have 
experienced (e.g. Janousek et al., 2004; Catlos et al., 2010). CL is also useful for 
identifying internal structures in zircons used to better interpret the ages (e.g., Corfu et 
al., 2003). Color CL has not yet been applied to these rocks, yet could yield a significant 
amount of information regarding the meaning of the age and the chemistry of the magma 
systems (e.g., Marshall, 1988; Hanchar and Rudnick, 1995; Corfu et al., 2003). The goal 
of this thesis is to present geochemical and geochronological data from these granitoid 
plutons to better understand the nature of extension in the Biga Peninsula, NW Turkey.  
Key questions for this study include: 
1. What are the probable source rocks and source regions for the Kozak, 
Eybek, and Kestanbolu plutons? 
2. When did the Kozak, Eybek, and Kestanbolu plutons crystallize? 
3. How and when did the Kozak, Eybek, and Kestanbolu plutons 
exhume? 
The Kestanbolu pluton may be generated from melting of lithospheric mantle 
metasomatized by fluids sourced from the subducting slab of the Sakarya Zone and 
partial melting of the overlying Rhodope Zone. Partial melting of the overlying Sakarya 
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Zone and melting of the mantle wedge triggered by slab fluids from the subducting 
Anatolide-Tauride block may have generated the Kozak and Eybek bodies. In this 
scenario, the Kestanbolu pluton would have a different geochemical composition because 
of differences in lithologies of the overriding plates, and/or differences in slab derived 
fluids from each subduction zone. The Kestanbolu pluton would also have older zircon 
crystallization ages compared to the Kozak and Eybek bodies because the collision of the 
Rhodope and Sakarya zones precedes the collision of the Sakarya and Antolide-Tauride 
block. Alternatively, all three plutons may be generated from the same source and have 
similar zircon crystallization ages. Slab fluids from the subducting Anatolide-Tauride 
block or a different subduction zone (e.g., the present day Hellenic arc) may have caused 
melting of the mantle wedge and generated the three granitoid bodies. Exhumation of the 
plutons may have occurred by active processes as the granite magmas moved through the 
crust and helped initiate extension. Exhumation of the plutons could also be a passive 
response as extensional structures created by larger regional stresses created space for the 
accommodation of these bodies. 
To address these questions, fieldwork, geochemical analyses, CL imaging, and 
zircon dating were performed. Major and trace element data from ten samples were 
analyzed and compared with previously reported data to describe the geochemical 
relationships between the three plutons and identify possible melt sources. Thin section 
CL images of the rocks document mineral zoning, fluid-rock interaction, and key textural 
relationships of zircons in the samples. Individual zircon CL images show internal 
textures of the dated grains. Zircons from four samples from the Kozak pluton and three 
samples each from the Eybek and Kestanbolu plutons were dated by in situ ion 
microprobe geochronology. The in situ dating method preserves textural relationships 
needed to assist with the interpretation of the meaning of the ages.  
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1.3 ORGANIZATION OF THESIS 
This thesis is organized into seven chapters. Chapter 2 describes the geologic 
background of Turkey by focusing on western Turkey and detailing previous studies of 
the Kozak, Eybek, and Kestanbolu plutons. Chapter 3 describes the research methods 
employed in this study (fieldwork, geochemistry, CL imaging, and in situ ion microprobe 
zircon dating). Results from these methods are presented in chapters 4-6. Chapter 7 is a 
summary of the contributions of this thesis, answers to research questions, and ideas 
regarding the evolution of the Kozak, Eybek, and Kestanbolu plutons.  
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Chapter 2: Geologic Background 
2.1 OVERVIEW  
Turkey was formed by the collision of numerous continental fragments through 
the opening and closing of branches of the Tethyan oceans from the Middle Jurassic to 
Late Cretaceous epochs (e.g., Şengör and Yılmaz, 1981). Overall, Turkey has been 
broadly divided into four distinct tectonic zones separated by suture zones that are the 
remnants of these ancient ocean basins. These zones are from north to south the 
Rhodope-Pontide Zone, the Sakarya Zone, the Anatolides-Taurides and the Arabian 
Platform (see Figure 1-1) (Tromp, 1947; Şengör and Yılmaz 1981; Okay et al., 1996, 
Moix et al., 2008). The Rhodope-Pontide Zone is a landmass of Laurasian affinity formed 
in an active margin with volcanic arc related activity (Şengör and Yılmaz, 1981; Moix et 
al., 2008; Piper et al., 2010). The Sakarya Zone was formed by the amalgamation of 
several oceanic fragments accreted to the continental margin of Laurasia (Şengör and 
Yılmaz, 1981; Moix et al., 2008; Okay, 2008). The Anatolide-Tauride block is thought to 
be a disintegrated block of the Cimmerian continent that rifted from Gondwana and 
collided with Laurasia (Şengör and Yılmaz, 1981; Şengör, 1987; Şengör and Atayman, 
2009). The Rhodope-Ponitde Zone and the Sakarya Zone are associated with the 
PaleoTethys Ocean whereas the Anatolide-Tauride block is associated with the 
NeoTethys Ocean (Şengör and Yılmaz, 1981; Piper et al., 2010). The Arabian Platform is 
separated from the Anatolides-Taurides by the Assyrian suture, the remnant of a 
NeoTethyan marginal ocean that represents the collision of Arabia with Eurasia one of 
the main drivers of the current tectonic regime (Şengör and Yılmaz, 1981; Okay, 2008). 
This study focuses on the Rhodope-Pontide, Sakarya, and Anatolide-Tauride zones. 
The Pontide fragment extends from the western edge of the Caspian Sea through 
northern Turkey (see Figure 1-1 and Figure 2-1), whereas the Rhodope section extends 
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from Bulgaria into the Gallipoli and Biga Peninsula of northwestern Turkey (Şengör and 
Yılmaz, 1981; Bonev and Beccaletto, 2007; Moix et al., 2008; Okay, 2008). The 
Rhodope Zone is composed of the Çamlica micaschist and the Çetmi mélange (Okay and 
Satir, 2000). The Çetmi mélange represents a widespread subduction-accretion complex 
active until Late Cretaceous times and is thought to be the suture zone (the Vardar suture) 
that separates the Rhodope and Sakarya Zones (Okay et al., 1991; Beccaletto and Jenny, 
2004; Beccaletto, 2005; Cavazza et al., 2009). However, few studies have been 
performed and little is known about this suture (e.g., Okay et al., 1991). There have also 
been limited structural and kinematic studies performed regarding the deformation of the 
metamorphic basement in the Biga Peninsula resulting in an unknown connection 
between the Rhodope fragment in northwestern Turkey and the fragment in Bulgaria 
(Bonev and Beccaletto, 2007). Alternatively, the Rhodope fragment may be a part of the 
Istanbul zone located north of the Pontide zone (Dilek et al., 2009). The correlation of the 
Rhodope fragment is still debated. 
The Sakarya Zone (Figure 2-1) is separated from the Rhodope fragment by the 
proposed Vardar suture zone. The Intra-Pontide suture separates the Sakarya Zone from 
the Pontide Zone. The Sakarya Zone is a segment of Laurasia that experienced the 
accretion of ocean units during the closure of the PaleoTethys Ocean (Şengör and 
Yılmaz, 1981; Okay et al., 1996; Okay, 2008). It is composed of Precambrian to 
Paleozoic age crystalline basement covered by Permian-Carboniferous age sedimentary 
units and Permian-Triassic ophiolitic mélange termed the Karakaya Complex (Okay et 
al., 1996).  
The Anatolide-Tauride Zone is a continental block of the disintegrated Cimmerian 
continent (Şengör and Yılmaz, 1981). This unit is separated from the Sakarya Zone by 
IAESZ, that represents a Neo-Tethyan ocean that closed along a north-dipping 
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subduction zone during the Late Paleocene- Eocene (Şengör and Yılmaz, 1981; Okay, 
1996). The Anatolide-Tauride block is composed of carbonates and volcanic sedimentary 
rocks ranging in ages from Cambrian and Ordovician to Lower Cretaceous. These units 
are overlain by ophiolitic nappes from the Tethyan ocean basin (Yılmaz, 1981; 
Altunkaynak, 2007). The Anatolide-Tauride block can be divided into several units 
including the Bornova-Flysch zone, the Tavsanli zone, the Afyon zone, and the Menderes 
Massif (Okay et al., 1996; Okay, 2008). 
The tectonic regime of Turkey is dynamic, consisting of compression, extension, 
and strike-slip tectonics. Currently, the African plate subducts beneath the Eurasian plate, 
as the Arabian platform collides with eastern Turkey (McKenzie, 1978; Le Pichon and 
Angelier, 1979; Şengör and Yılmaz, 1981). The East Anatolian Accretionary Complex 
accommodates much of the deformation being generated by this event (Şengör and 
Yılmaz, 1981; Piper et al., 2010). Due to a free lateral boundary of the Aegean Sea in the 
west, Turkey is undergoing tectonic escape to the west-southwest and is moving laterally 
via the North Anatolian Shear Zone (NASZ) (e.g., Şengör, 1979; Şengör and Yılmaz, 
1981; Piper et al., 2010). Western Turkey and the Aegean Sea are undergoing N-S 
extension likely caused by slab roll-back of the African lithosphere along the Hellenic 
trench (McKenzie, 1978; Le Pichon et al., 1981; Bonev and Beccaletto, 2007; Dilek et 
al., 2009). 
The North Anatolian Fault (NAF), a component of the NASZ, is a ~1200 km 
dextral strike-slip fault that initiated in eastern Turkey 13 Ma to 11 Ma and propagated 
westward to reach the Sea of Marmara ~200 ka (e.g., Şengör et al., 2004). In western 
Turkey, the NAF contains three main splay branches that have affected the Biga 
Peninsula since the Middle Miocene (Okay et al., 1991; Aldanmaz et al., 2000). The 
northern branch is offshore underneath the Sea of Marmara, the middle branch extends 
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across the Biga Peninsula through the town of Ezine, and the southern branch extends 
through the Edremit graben (Figure 2-2) (Aldanmaz et al., 2000). The middle and 
southern branches may have affected the Eybek and Kestanbolu plutons of this study. 
Exhumed metamorphic core complexes are common throughout western Turkey 
and the Aegean region. In the field area of this thesis, the Kazdağ Massif is located in the 
southern end of the Biga Peninsula and trends NE-SW for 55km (Okay et al., 1991; Okay 
and Satir, 2000). It exposes the lowest crustal levels in NW Turkey and is composed of 
high-grade metamorphic rocks including gneiss, amphibolite, marble, and ultramafic 
rocks (Okay and Satir, 2000; Duru et al., 2004). The Kazdağ Massif is correlated in 
lithology and timing of metamorphism by some to the Rhodope Massif in northern 
Greece (Okay and Satir, 2000). The Kazdağ Massif experienced regional metamorphism 
and rapid exhumation along the Alakeçi shear zone during the Late Oligocene- Early 
Miocene epochs (Figure 2-2) (Okay and Satir, 2000; Cavazza et al., 2009).  The Alakeçi 
shear zone consists of mylonitized gneiss and serpentinite two kilometers in thickness 
separating the Kazdağ Massif from the hanging wall consisting of Lower Tertiary age 
oceanic accretionary mélange with Cretaceous eclogite lenses (Okay and Satir, 2000). 
Continued exhumation of the Kazdağ Massif occurred due to transpression of the 
metamorphic rocks between two fault segments of the NAF, giving rise to the high 
topography (1,767 m above sea level) of the Kazdağ mountain compared to the rest of the 
Biga Peninsula (Okay and Satir 2000; Cavazza et al., 2009). 
2.2 GRANITOID PLUTONS OF NORTHWEST TURKEY  
This study focuses on the Kozak, Eybek and Kestanbolu granitoid plutons 
(Figures 2-1 to 2-3). They are located north of the IAESZ in the Sakarya and Rhodope 
fragments either in or near the Biga Peninsula.  
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 Following the collision of the Anatolide-Tauride continental block during Eocene 
times, western Turkey is thought to have experienced three distinct pulses of magmatism 
(Dilek and Altunkaynak, 2007). The first phase, Eocene to Oligo-Miocene time, is 
characterized by medium to high-K, calc-alkaline, I-type granitoids (Innocenti et al., 
2005; Dilek and Altunkaynak, 2007). These rocks have a wide variation of geochemical 
compositions due to large amounts of crustal contamination by migration of magmas 
through overthickened crust (Dilek and Altunkaynak, 2007). Mildly alkaline granites and 
extrusive rocks that formed in an extensional setting during the Middle Miocene epoch 
characterize the second phase. These granites have chemical compositions similar to 
Ocean Island Basalts (OIB) due to little crustal contamination and asthenospheric mantle-
derived melt (Dilek and Altunkaynak, 2007). The third phase of magmatism initiated ~12 
Ma and continued into the late Quaternary time. This phase is characterized by alkaline 
magmas produced by decompression melting of asthenospheric mantle beneath the 
thinned lithosphere. These magmas were extruded to the surface via extensional faults in 
the system (Dilek and Altunkaynak, 2007). 
The Kozak, Eybek, and Kestanbolu granitoids are believed to belong to the Oligo-
Miocene age granites produced during the first phase of magmatism (Dilek and 
Altunkaynak, 2007). The granites of this phase occur in a narrow E-W trending linear 
belt between the Sea of Marmara and the IAESZ, and extend into the Biga Peninsula 
(Figure 2-1) (Dilek and Altunkaynak, 2007; 2009). This spatial pattern of plutons may 
indicate a focused heat source, limited in space and intensity resulting from an 
asthenospheric window created by lithospheric slab break-off during continued 
compression after the collision of the Anatolide-Tauride block (Innocenti et al., 2005; 
Dilek and Altunkaynak, 2009).  
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 The Kozak, Eybek, and Kestanbolu post-collisional plutons were emplaced into 
metamorphic basement units and generated well-developed metamorphic contact aureoles 
(Altunkaynak and Yılmaz, 1998; Karacık and Yılmaz, 1998; Yılmaz et al., 2001). These 
plutons reached shallow levels in the crust and are associated with hypabyssal and 
volcanic rocks (Karacık and Yılmaz, 1998; Yılmaz et al., 2001). They are also located in 
the horst features of the extensional system and are surrounded by grabens including 
from north to south the Ezine graben, the Edremit graben, and the Bergama graben 
(Yılmaz et al., 2001). These grabens are the result of the extensional movement to the 
SW of the Anatolian plate and right-lateral strike-slip movement by the NASZ (Figure 2-
2) (Aldanmaz et al., 2000).  
The Kozak pluton is located east of the town of Ayvalık and north of the town of 
Bergama just south of the Biga Peninsula (Figures 2-1 to 2-3). It is a NE-SW trending 
pluton covering an area of ~350 km
2
. It is located in the Kozak horst with the Bergama 
graben to the south and the Edremit graben to the northwest (Altunkaynak and Yılmaz, 
1998; 1999). Regional metamorphism of the country rocks is thought to have been 
complete prior to granite emplacement (Altunkaynak and Yılmaz, 1998; 1999). A contact 
metamorphic aureole is visible on the northern and eastern borders of the pluton 
(Altunkaynak and Yılmaz, 1998; 1999). The southwestern border is in direct contact with 
hypabyssal and volcanic rocks indicating shallow emplacement in the crust (Altunkaynak 
and Yılmaz, 1999). The Kozak pluton was first emplaced into metamorphic country rocks 
consisting of metapelites and metabasites of Triassic age before the Early Miocene epoch 
while the region was still under a compressional regime. By Early Miocene time, the 
pluton migrated into shallower levels in the crust and an elevated horst developed due to 
extension by the Late Miocene epoch (Altunkaynak and Yılmaz, 1998; 1999). The Kozak 
pluton is composed mostly of granodiorite and granite, but also contains quartz-diorite 
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and quartz monzonite (Altunkaynak and Yılmaz, 1998; 1999). A 100-750 m wide belt of 
aplogranite also occurs along the outer zone of the main pluton (Altunkaynak and 
Yılmaz, 1998; 1999). 
The Eybek pluton is located on the southwestern edge of the Kazdağ metamorphic 
complex in the southern Biga Peninsula (Figures 2-1 to 2-3) (Okay and Satir, 2000; 
Cavazza et al., 2009), on the eastern margin of the Edremit graben bounded by ENE-
WSW trending high angle normal faults. It is smaller in size than the Kozak pluton and 
covers an area of about 90 km
2
 (Genç and Altunkaynak, 2007). The pluton is 
characterized mostly by granodiorite, but granite that occurs locally along the margin of 
the pluton is thought to have formed by mixing of granodiorite and host metamorphic and 
sedimentary rocks (Murakami et al., 2005). Structural and temporal relations indicate that 
this pluton was emplaced shortly after peak deformation and metamorphism of the 
Kazdağ core complex (Dilek et al., 2009).  
The Kestanbolu pluton is located in the western edge of the Biga Peninsula near 
the city of Ezine, ~35 km south of Çanakkale and outcrops across an area of 200 km
2
 
(Figures 2-1 to 2-3) (Şahin et al., 2010; Arik and Aydin, 2011). The pluton is dominantly 
composed of quartz monzonite with some occurrences of monzogranite (Birkle and Satir, 
1995; Şahin et al., 2010; Arik and Aydin, 2011). The pluton is emplaced into 
metamorphic basement rocks of the Geyikli and Bozalan formations (Arik and Aydin, 
2011). A well-developed contact metamorphic aureole exists around the pluton (Birkle 
and Satir, 1995). The Kestanbolu pluton may represent the final stage of collision in the 
Biga Peninsula during the Early Miocene evidenced by geochemistry and a transition to 
more alkaline affinity (Birkle and Satir, 1995). The Kestanbolu granite was emplaced into 
Sakarya basement rocks (Karacik and Yılmaz, 1998), imbricated with the Çamlica 
micaschists of the Rhodope Zone (Altunkaynak et al., 2012).  
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2.3 PREVIOUS GEOCHEMICAL RESULTS 
Geochemical analyses of the Kozak and Eybek plutons indicate the rocks have 
compositions and mineral assemblages consistent with granite, granodiorite, monzonite, 
quartz monzonite, and diorite whereas the Kestanbolu pluton body is consistent with 
granite, quartz monzonite, and monzonite lithologies (Krushensky, 1976; Altunkaynak 
and Yılmaz, 1998; Karacık and Yılmaz, 1998; Akal and Helvaci, 1999; Delaloye and 
Bingöl, 2000; Yılmaz et al., 2001; Genç and Altunkaynak, 2007; Şahin et al., 2010). 
Variation in rock types and chemical compositions may be the result of magma mixing, 
fractional crystallization, crustal contamination, and post-crystallization alteration (e.g., 
Boztuğ et al., 2009). The wide range of geochemical compositions from the plutons may 
also document multiple magma bodies that crystallized to form the plutons. Their 
tectonic setting is mostly volcanic arc (VAG) but some samples plot in the within plate 
(WPG) or syn-collisional (syn-COLG) fields based upon Y/Nb and Rb /(Y+Nb) 
discrimination diagrams (Krushensky, 1976; Altunkaynak and Yılmaz, 1998; Akal and 
Helvaci, 1999; Delaloye and Bingöl, 2000; Yılmaz et al., 2001; Genç and Altunkaynak, 
2007; Şahin et al., 2010). All granites have been reported to be calc-alkaline, I-type, and 
metaluminous or peraluminous (Krushensky, 1976; Altunkaynak and Yılmaz, 1998; Akal 
and Helvaci, 1999; Delaloye and Bingöl, 2000; Yılmaz et al., 2001; Genç and 
Altunkaynak, 2007; Şahin et al., 2010). The Eybek and Kestanbolu plutons have also 
been reported to be alkaline to subalkaline (Genç and Altunkaynak, 2007; Şahin et al., 
2010).  
2.4 PREVIOUS GEOCHRONOLOGICAL RESULTS 
Reported ages from the Kozak, Eybek, and Kestanbolu plutons range from Late 
Eocene to Middle Miocene times (Table 2-1). The ages in Table 2-1 are interpreted as 
timing of pluton crystallization (e.g., Delaloye and Bingöl, 2000). The Kozak pluton 
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ranges from 37.6±3.3 Ma to ~13.0 Ma (Ataman, 1974; Bingöl et al., 1982; Delaloye and 
Bingöl, 2000; Boztuğ et al., 2009), whereas the Eybek pluton ranges from 34.7±2.0 Ma to 
20.1± 0.7 Ma (Krushensky, 1976; Delaloye and Bingöl, 2000; Murakami et al., 2005; 
Altunkaynak et al., 2012). The Kestanbolu pluton ranges in age from 28.0±0.9 Ma to 
20.5±0.6 Ma (Fytikas et al., 1976; Birkle and Satir, 1995; Delaloye and Bingöl, 2000; 
Altunkaynak et al., 2012). Most of these previously reported ages were obtained from K-
Ar and Rb-Sr dating of orthoclase, biotite and hornblende grains. The Eybek pluton also 
has reported ages obtained from U-Pb dating of zircon grains and the Kestanbolu pluton 
contains two ages obtained by 
40
Ar-
39
Ar dating of biotite and hornblende.  
2.5 EXISTING MODELS 
Current tectonic models for the evolution of northwest Turkey vary with regards 
to the origin of the Rhodope fragment in the Biga Peninsula, the melt sources for the 
plutons of interest, magmatic evolution and origin of heat supply for the granitoids of the 
Biga region, and the timing of initiation of extension in western Turkey. Some authors 
correlate the Rhodope fragment in northwest Turkey to the Rhodope-Stranja Massif in 
Greece and Bulgaria (Şengör and Yılmaz, 1981; Bonev and Beccaletto, 2007; Moix et al., 
2008; Okay, 2008) yet others correlate the fragment to the Istanbul zone (Dilek et al., 
2009).  
There are three general interpretations to explain the distinct pulses of Cenozoic 
magmatism that occurred in western Anatolia. The current models are: 1) active 
subduction zone magmatism, 2) region-wide extension and magmatism by orogenic 
collapse, and 3) syn-convergent extension and magma generation driven by slab break-
off, delamination, or convective lithosphere removal (e.g., Altunkaynak et al., 2012). The 
active subduction zone model is suggested since the magmatic rocks display a 
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geochemical subduction fingergprint. This model proposes that magmatism in western 
Turkey is related to Miocene age subduction along the Hellenic arc (Fytikas et al., 1976; 
Delaloye and Bingöl, 2000) or is a product of north-dipping subduction of Tethyan 
oceanic crust (Pe-Pier and Piper, 1989; Delaloye and Bingöl, 2000; Okay and Satir, 
2000). Magmatism may also be a product of subduction along the IAESZ during the 
Cretaceous epoch and Miocene age subduction along the Hellenic arc that are related in 
time and space through slab retreat (e.g., Spakman, 1988).  
The orogenic collapse model suggests that magmatism was caused by 
decompressional melting during extensional tectonics associated with collapse of the 
overthickened orogenic belt (Seyitoģlu and Scott, 1992; 1996). In this scenario, collapse 
of the overthickened crust occurred following compressional regime during the 
Paleogene. The resultant extensional environment produced magmatism that transitioned 
from calc-alkaline to alkaline by the Late Miocene epoch due to continued extension 
(e.g., Seyitoģlu and Scott, 1992; 1996).  
The third interpretation includes syn-convergent extension and magma generation 
driven by slab break-off, delamination, or convective lithospheric removal. In this 
scenario, slab break-off following the collision of the Anatolide-Tauride block with the 
Sakarya block created an influx of asthenospheric heat that resulted in partial melting of 
the lithospheric mantle previously metasomatized by slab-derived fluids beneath the 
IAESZ (Altunkaynak and Dilek, 2006; Altunkaynak, 2007; Dilek and Altunkaynak, 
2007; 2009; Altunkaynak et al., 2012). Magmatism caused thermal weakening of the 
crust and initiated syn-convergent extension and crustal exhumation (Altunkaynak et al., 
2012). Middle Miocene magmas are syn-extensional and derived from the partial melting 
of enriched lithospheric mantle with little subduction influence (Dilek et al., 2009).  
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This study aims to examine the Kozak, Eybek, and Kestanbolu granitoids from 
the Biga Peninsula region to better understand the melt source, heat source, and evolution 
of these magmas. The larger goal is to enhance our understanding of the tectonic 
evolution and initiation of extension in the Aegean region.  
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Figure 2-2: Hillshade map produced in ArcMap 10.0 from Advanced Spaceborne 
Thermal Emission and Reflection Radiometer (ASTER) Global Digital 
Elevation Model (GDEM). ASTER GDEM is a product of METI and 
NASA. Abbreviations: NASZ: North Anatolian Shear Zone, ASZ: Alakeçi 
Shear Zone; VDS: Vardar Suture Zone; EG: Edremit Graben; BG: Bergama 
Graben. Granite bodies from this study are labeled.  
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Figure 2-3: Simplified geologic map of study area in the Biga Peninsula 
region with labeled plutons, major structures and sample 
locations (after Senel and Aydal, 2002; Okay, 2008). 
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Table 2-1: Previously reported ages of the Kozak, Eybek, and Kestanbolu plutons.  
Age (Ma) Method Interpretation Ref.
a
 
Kozak Pluton 
37.6±3.3 K-Ar orthoclase Crystallization, Inherited argon (1,2) 
25.7±0.5 K-Ar hornblende Crystallization (1) 
24.6±1.5 K-Ar biotite Crystallization (2) 
24.2±1.1 K-Ar orthoclase Crystallization, Inherited argon (1,2) 
23.3±0.5 K-Ar biotite Crystallization (1) 
23.0±3.8 K-Ar biotite±hornblende Crystallization (3) 
~23 Rb-Sr biotite Crystallization (4) 
22.1±0.4 K-Ar biotite Crystallization (1) 
21.9±0.5 K-Ar hornblende Crystallization (1) 
21.0±1.7 K-Ar hornblende Crystallization (3) 
20.3±0.9 K-Ar biotite Not Indicated (2) 
20.8±3.0 K-Ar biotite±hornblende Crystallization (3) 
20.1±2.2 K-Ar biotite±hornblende Crystallization (3) 
20.0±2.8 K-Ar biotite±hornblende Crystallization (3) 
19.5±0.4 K-Ar biotite Crystallization (1) 
19.1±1.2 K-Ar biotite±hornblende Crystallization (3) 
19.0±0.7 
 
K-Ar biotite±hornblende Crystallization (3) 
18.7±1.4 
 
K-Ar biotite±hornblende Crystallization (3) 
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Table 2-1: cont. 
18.3±3.6 
 
K-Ar biotite±hornblende Crystallization (3) 
17.3±0.2 
 
K-Ar biotite±hornblende Crystallization (3) 
~16.5 Rb-Sr biotite Crystallization (4) 
16.4±0.7 
 
K-Ar biotite±hornblende Crystallization (3) 
14.6±1.0 
 
K-Ar biotite±hornblende Crystallization (3) 
~13.0 Rb-Sr biotite Crystallization (4) 
Eybek Pluton 
34.7±2.0 K-Ar orthoclase in granite Not Indicated (5) 
27.2±0.4 U-Pb zircon Emplacement (6) 
26.6±0.8 K-Ar biotite Crystallization (1) 
25.6±0.8 U-Pb zircon Emplacement (6) 
25.3±0.3 U-Pb zircon
 
Emplacement (6) 
24.4±0.6 U-Pb zircon
 
Emplacement (6) 
24.3±0.5 U-Pb zircon
 
Emplacement (6) 
24.3±0.5 U-Pb zircon
 
Emplacement (6) 
24.2±0.9 K-Ar hornblende Crystallization (7) 
24.1±0.7 U-Pb zircon Emplacement (6) 
24.1±0.5 K-Ar biotite Crystallization (1) 
24.0±1.0 U-Pb zircon Emplacement (6) 
24.0±0.4 U-Pb zircon Emplacement (6) 
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Table 2-1: cont.  
23.9±0.5 K-Ar hornblende Crystallization (1) 
23.8±0.4 U-Pb zircon Emplacement (6) 
23.7±0.4 U-Pb zircon Emplacement (6) 
23.5±0.6 K-Ar biotite Crystallization (7) 
23.4±0.4 U-Pb zircon Emplacement (6) 
21.5±0.9 U-Pb zircon Emplacement (6) 
21.4±2.0 K-Ar biotite in granodiorite Not Indicated (5) 
21.2±0.6 K-Ar biotite Crystallization (1) 
21.1±0.4 K-Ar biotite Crystallization (1) 
20.3±1.0 K-Ar biotite in granodiorite Not Indicated (5) 
20.1±0.7 U-Pb zircon Emplacement (6) 
Kestanbolu Pluton 
28.0±0.9 K-Ar whole rock Not Indicated (8) 
22.8±0.2 Ar-Ar hornblende Cooling of pluton (6) 
22.3±0.2 Ar-Ar biotite
 
Cooling of pluton (6) 
21.0±1.6 Rb-Sr biotite Minimum age of intrusion (9) 
20.5±0.6 K-Ar hornblende Crystallization (1) 
a
References: (1) Delaloye and Bingöl (2000) (2) Bingöl et al. (1982) (3) Boztuğ et al. 
(2009) (4) Ataman (1974) (5) Murakami et al. (2005) (6) Altunkaynak et al. (2012) (7) 
Krushensky (1976) (8) Fytikas et al. (1976) (9) Birkle and Satir (1995). 
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 Chapter 3: Methods 
3.1 OVERVIEW 
This thesis reports major and trace element geochemical data, 
cathodoluminescence (CL) images, and U-Pb ion microprobe zircon ages from the 
Kozak, Eybek, and Kestanbolu plutons (Figure 2-4). Data collected provide information 
regarding the geochemical and geochronological relationships of the plutons to one 
another and to other granitoids in the region to better understand the extensional 
evolution of western Turkey. Major and trace element geochemistry is often used to 
understand geological processes and can indicate a pluton’s tectonic environment (e.g., 
Delaloye and Bingöl, 2000). CL images are useful to document mineral textures and 
zoning, brittle deformation textures, and fluid alteration not always visible by other 
methods (e.g., Catlos et al., 2010; 2011).  CL can also be used to aid in interpretation of 
zircon ages (e.g., Hanchar and Miller, 1993). Zircon is often used for isotopic age dating 
because of its common occurrence as an accessory mineral in a variety of rocks, 
relatively high U content, high closure temperature, and resistance to alteration and age 
resetting (Schneider et al., 1999; Davis et al., 2003).   
3.2 FIELDWORK 
Fieldwork was performed in Turkey during the summer of 2011. Twelve samples 
were collected from 10 locations over the course of 3 days (Figure 2-4, Figure 3-1). 
These samples have the abbreviation of KO##, and the letters A or B following the 
sample name indicate multiple samples from the same location. I sought fresh, 
unweathered rocks, which were collected from outcrops using a sledge and rock hammer 
and GPS positions were documented using a handheld GPS device.  Three samples were 
collected from rock quarries of the Kozak and Kestanbolu plutons (samples KO30, 
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KO31, and KO43A), but no rock quarries that I know of are located within the Eybek 
pluton. GPS locations of samples are reported in Table 3-1.  
3.3 MAJOR AND TRACE ELEMENT GEOCHEMISTRY 
Portions of collected rock samples were used for whole rock geochemical 
analyses. The data are useful to classify the granitic rocks, interpret the regional tectonic 
setting of the plutons and understand how the plutons sampled are geochemically related 
(Frost et al., 2001; Frost and Frost 2008; Delaloye and Bingöl, 2000; Yılmaz et al., 2001). 
Major and trace element geochemical analyses of the Kozak (4 analyses), Eybek (3 
analyses), and Kestanbolu (4 analyses) plutons were performed by Activation 
Laboratories located in Ontario, Canada. Elements obtained using whole-rock fusion 
inductively coupled plasma (ICP) methods include: Sc, Be, V, Ba, Sr, Y, and Zr. All 
other elements were obtained using ICP mass spectrometry methods. Elements measured 
but not detected in all samples include: As < 5 ppm, Mo < 2 ppm, In < 0.2 ppm, Sb < 0.5 
ppm, and Bi < 0.4 ppm.   
3.4 CL IMAGERY 
Standard 20m thin sections of collected samples were examined using an optical 
microscope to determine mineral assemblages (Table 3-2). Thin sections were imaged 
using CL at The University of Texas-Austin with a Technosyn Cold Cathode 
Luminoscope Model 8300 Mk11 mounted to a Nikon petrographic microscope. The 
electron beam was run at 20kV, and a gun current of 500 µA. An Optronics digital 
camera and complementing MicroFire PictureFrame software captured images at an 
exposure time of ~3.38 seconds. The “brightness” and “exposure” of the digital images 
were edited in Adobe Photoshop.  
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When bombarded with electrons some minerals exhibit CL by the emission of 
electromagnetic radiation in or close to the visible light range (e.g., Hanchar and Miller, 
1993; Finch and Klein, 1999). Minerals transmit different colors depending upon trace 
elements that activate or quench CL (e.g. Hanchar and Miller, 1993). In these thin section 
samples, calcite appears orange, quartz is gray to brown, plagioclase is green to yellow, 
orthoclase is blue, apatite is bright yellow, and zircon is bright white. Biotite and 
hornblende do not luminesce (see also Marshall, 1988). CL imaging is ideal for 
identifying zircons in these coarse grained granitic samples. Zircons dated in this study 
were located using the CL images, and their textural location helps to better interpret 
their ion microprobe ages.  
3.5 GEOCHRONOLOGY 
 3.5.1 Scanning Electron Microscope Analysis 
Four samples from the Kozak pluton and three samples each from the Eybek and 
Kestanbolu plutons were used in geochronological analyses. As indicated previously, 
zircons were located first in CL images. To confirm, the energy-dispersive spectrometer 
(EDS) on the FEI Nova NanoSEM 430 scanning electron microscope (SEM) at The 
University of Texas at Austin, Bureau of Economic Geology was used. Zircons appear 
bright white in back-scattered electron (BSE) images because of high concentrations of 
heavy elements in the mineral (e.g., Hanchar and Miller, 1993). BSE images can also be 
used to study the zoning patterns of zircon grains as it reveals differences in average 
atomic number across regions of a grain (Hanchar and Miller, 1993). Standard operating 
conditions of the SEM were an accelerating voltage of 20.0 kV, a spot size of 40 µm, and 
working distance of 5.1 -5.5 mm.   
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Samples were prepared for use in the ion microprobe following the methods 
outlined in Catlos et al. (2002). Zircons were re-identified in thin section using an optical 
petrographic microscope. Each thin section was cut into small chips using a high-
precision saw and ultrasonically cleaned in ultrasonic cleaner and DI water. The chips 
were placed on dual-sided Pb-free tape with a pre-polished block with ten zircon age 
standards obtained from The University of California Los Angeles (UCLA). The zircon 
age standards used are AS3 (1099±1 Ma: Schneider et al., 1999) and originate from 
anorthositic rocks of the Duluth Complex of the North American Midcontinent Rift 
system (e.g., Paces and Miller, 1993). A 2.54 cm diameter Teflon ring was placed around 
the thin section chips and standard blocks. Buehler Epoxicure Resin (20-8130-032) and 
Hardener (20-8132-008) were mixed and poured into the ring at a depth to cover all 
materials (~1 cm). After the epoxy hardened (~24 hrs), the epoxy mount was removed 
from the tape and Teflon ring and cleaned. An Olympus BX51 optical microscope with 
an automated stage and attached digital camera was used to acquire reflected light images 
in order to create a mosaic map of the zircons to be dated within the mount. Three mounts 
were created in total for the four samples from the Kozak pluton and 3 samples each from 
the Eybek and Kestanbolu plutons. In total, 54 zircons were selected, verified, and 
documented for ion microprobe analysis.  
 3.5.2 Ion Microprobe Analysis 
Absolute ages were determined from in situ (in thin section) zircon U-Pb analyses 
using the high-sensitivity/high-resolution Cameca ims 1270 Ion Microprobe at UCLA. In 
situ analyses preserves textural relationships that aid in interpreting ages obtained from 
rocks that experienced a complicated tectonic history (Catlos et al., 2002; Rasmussen and 
Fletcher, 2010). Analysis by ion microprobe uses a beam of primary oxygen ions that 
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bombards a sample and erodes the sample surface to depths of 10s of angstroms. Emitted 
secondary ions are measured by double focusing mass spectrometry (Harrison et al., 
1995; Catlos et al., 2002). The UCLA Secondary Ion Mass Spectrometer (SIMS) was 
operated with a primary accelerating voltage of -12.5 kV, a secondary accelerating 
voltage of 10.0 kV, an arc current of ~075.1 mA, and a spot size of 10 µm with a 
duoplasmatron oxygen (O
-
) ion source.  
Before analysis, the epoxy mounts were ultrasonically cleaned in 1N HCl for ~30 
seconds followed by ~1 minute of DI water to reduce common Pb contamination. Epoxy 
mounts were then gold coated and loaded into the ion microprobe. During zircon 
analysis, oxygen gas was leaked into the sample chamber to enhance Pb isotope intensity. 
The measured ion species, Pb
+
, U
+
, and UO
+
, have characteristic energy distributions. To 
optimize intensities and find a region in the energy distribution that minimized 
interelement fractionation, corrections for energy offsets caused by offset voltages during 
analyses were determined using zircon standards (AS3). The primary ion beam was 
focused on the sample surface for approximately three minutes to stabilize the secondary 
ion signal and remove surface contamination. Following pre-sputtering, raw intensities of 
emitted secondary ions were measured in 15 magnet cycles for each spot analyzed. 
Isotopic ratios were calculated using corrected raw intensities.  
U, Th, and Pb interelement fractionation during ion microprobe analysis 
contributes to age uncertainties, and was monitored using a standard of known isotopic 
compositions (AS3). Forty-three spot analyses on multiple grains of zircon standard AS3 
were acquired. Raw U-Pb ratios are corrected for common-Pb by using the 
204
Pb signal. 
Values of 
206
Pb
+
/U
+
 relative sensitivity factor (RSF) plotted against UO
+
/U
+
 are 
expressed with a linear regression function (Figure 3-2). U-Pb sensitivity was calibrated 
as a function of UO
+
/U
+
. The RSF was applied to a measured 
206
Pb
+
/U
+ 
RSF versus 
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UO
+
/U
+
 from a zircon standard to determine the age of an unknown zircon (see the 
UCLA National Website: http://sims.ess.ucla.edu/). The calibration line used to calculate 
the ages in this thesis is UO
+
/U
+
= 0.375(
206
Pb
+
/U
+ 
RSF) + 5.241±0.009 (Figure 3-2). The 
ages were corrected using the common Pb corrections assuming: 
206
Pb/
204
Pb=18.86, 
207
Pb/
204
Pb= 15.62, and 
208
Pb/
204
Pb= 38.34. 
 3.5.3 Scanning Electron Microscope CL Imagery 
After acquiring ion microprobe ages, zircons were reimaged using CL with the 
FEI Nova NanoSEM 430 SEM and attached Gatan Chroma CL detector at The 
University of Texas at Austin, Bureau of Economic Geology. In thin section, zircon CL 
colors are bright white, but under SEM based CL imaging, zircon displays various colors 
including blue, yellow, green, pink, and purple (e.g., Marshall, 1988, Hanchar and 
Rudnick, 1995; Gotze and Kempe, 2008). CL imaging of zircon grains is used to better 
interpret ion microprobe ages by identifying internal structures that may not be visible by 
other imaging techniques (e.g., Hanchar and Miller, 1993; Corfu et al., 2003).  
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Figure 3-1: ArcGIS map of field area showing the Kozak, Eybek, and Kestanbolu plutons 
with roads and sample locations.  
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Figure 3-2: Ion microprobe calibration of UO
+
/U
+ 
vs. Pb/U Relative sensitivity factor 
(RSF).  This curve was developed using zircon standard AS3 that has an age 
of 1099 Ma±1Schneider et al., 1999).  
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Table 3-1: Sample locations of rocks dated in this study.  
 
Sample  Location   
Kozak Pluton 
KO30 39° 15' 46.60"N   26° 59' 47.60"E 
KO31 39° 16' 17.30"N   27° 0' 32.60"E 
KO32 39° 14' 38.20"N   27° 6' 54.00"E 
KO33 39° 14' 46.40"N   27° 7' 5.80"E 
Eybek Pluton 
KO37 39° 40' 25.40"N   27° 7' 7.00"E 
KO39 39° 41' 55.60"N   27° 9' 28.50"E 
KO40 39° 41' 57.30"N   27° 9' 36.10"E 
Kestanbolu Pluton 
KO41B 39° 41' 50.90"N   26° 12' 7.70"E 
KO42 39° 43' 28.50"N   26° 14' 16.20"E 
KO43A 39° 44' 4.70"N     26° 15' 11.00"E 
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Table 3-2:  Mineral assemblages of samples dated in this study.  Abbreviations after 
Kretz (1983): Qtz: quartz, Pl: plagioclase, Kfs: K-feldspar, Bt: biotite, Hbl: 
hornblende, Chl: Chlorite, Ap: apatite; FeO: iron oxide; Zrn: zircon, Cal: 
calcite, Ttn: titanite, Px: pyroxene, Ms: muscovite; FeSi: iron silicate; 
ThUSi: thorium-uranium silicate. 
Sample  Mineral assemblage
a
 
Kozak Pluton 
KO30 Qtz+Pl+Kfs+Bt+Hbl+Chl+Ap+FeO+Zrn+Cal+FeSi 
KO31 Qtz+Pl+Kfs+Bt+Hbl+Chl+Ap+FeO+Zrn+Cal+ThUSi 
KO32 Qtz+Pl+Kfs+Bt+Hbl+Chl+Ap+FeO+Zrn+Ttn+Cal 
KO33 Qtz+Pl+Kfs+Bt+Hbl+Chl+Ap+FeO+Zrn+Ttn+Cal+ThSi 
Eybek Pluton 
KO37 Qtz+Pl+Kfs+Bt+Hbl+Ap+FeO+Zrn+Ttn+Px 
KO39 Qtz+Pl+Kfs+Hbl+Bt+Ap+Zrn+FeO 
KO40 Qtz+Pl+Kfs+Bt+Hbl+Chl+FeO+Ap+Zrn+Px+Ms 
Kestanbolu Pluton 
KO41B Qtz+Pl+Kfs+Bt+Hbl+Ap+FeO+Zrn+Ttn+Px+Mnz 
KO42 Qtz+Pl+Kfs+Bt+Hbl+Chl+FeO+Ttn+Ap+Zrn+Cal+Px 
KO43A Qtz+Pl+Kfs+Bt+Hbl+Chl+FeO+Ttn+Ap+Zrn+Cal+Px 
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Chapter 4: Geochemical Results and Discussion 
4.1 INTRODUCTION 
Bulk major and trace element geochemical analyses from the Kozak, Eybek, and 
Kestanbolu plutons are listed in Tables 4-1 – 4-6 and mineral assemblages are listed in 
Table 3-2. Images of these plutons are displayed in Figures 4-1 – 4-3 so that visual 
differences between field collection sites can be seen. The geochemical data were plotted 
in a series of diagrams to distinguish chemical differences in source magmas and their 
possible tectonic environment. Geochemical results from previous studies are also 
included in the diagrams to compare results from these samples to the wide range of 
geochemical compositions reported for the plutons (Krushensky, 1976; Altunkaynak and 
Yılmaz, 1998; Karacık and Yılmaz, 1998; Akal and Helvaci, 1999; Delaloye and Bingöl, 
2000; Yılmaz et al., 2001; Genç and Altunkaynak, 2007; Şahin et al., 2010).  
4.2 DATA 
 4.2.1 Major Elements 
Based on the total alkali (Na2O + K2O wt. %) vs. SiO2 classification diagram 
(Figure 4-4) (e.g., Wilson, 1989), samples from the Kozak and Eybek plutons are 
granodiorite and Kestanbolu samples are quartz monzonite and monzonite. Geochemical 
data from previous studies included on the diagram show the Kozak pluton ranges 
between diorite, granodiorite, monzonite, quartz monzonite, and granite. The Eybek 
pluton ranges from granite, granodiorite, diorite, monzonite, and monzodiorite. No diorite 
rocks were found in the sampled field areas. Data in this thesis from the Kestanbolu 
pluton are consistent with those reported by others.  
Using the methods of Frost et al. (2001), granitic rocks are classified using a 
three-tiered system based upon geochemical variables (Table 4-7). The first tier is the Fe-
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index (FeO
tot
/(FeO
tot
 + MgO)), which is used to understand the differentiation history of 
the magmatic sources (Frost et al., 2001, Frost and Frost, 2008). Magmas enriched in Fe 
during differentiation are classified as ferroan while those enriched in Mg are magnesian 
(Frost et al., 2001). Ferroan granitoids source from anhydrous reduced magmas typical of 
extensional environments (Frost et al., 2001), whereas magnesian granitoids are typical of 
subduction environments and these magmas undergo differentiation under hydrous 
oxidizing conditions (Barbarin, 1999; Frost et al., 2001; Frost and Frost, 2008). The 
Kozak, Eybek, and Kestanbolu plutons are magnesian except for one sample from the 
Kestanbolu pluton that is ferroan (KO41B, Figure 4-5A).  
The second tier of the Frost et al. (2001) classification system uses the Modified 
Alkali-Lime Index (MALI, Na2O + K2O – CaO), which is controlled by the abundances 
and compositions of feldspars and quartz. Variations in MALI are caused by sources and/ 
or the differentiation history of magma. Higher MALI values result from increasing 
abundances of potassium feldspar relative to plagioclase (Frost et al., 2001; Frost and 
Frost, 2008). Calcic-alkaline rocks are typical of volcanic arc granitoids (Frost and Frost, 
2008). A positive trend parallel to MALI lines is indicative of fractional crystallization of 
magmas and assimilation of host rock (Frost and Frost, 2008). MALI numbers become 
alkalic as volcanic arc plutons move farther from the subduction zone (Frost et al., 2001). 
Samples collected from the Kozak and Eybek pluton are calc-alkalic and samples from 
the Kestanbolu pluton are alkali-calcic (Figure 4-5B). In general, previously reported data 
follow the same trends except for two samples from the Eybek plutons that are alkali-
calcic (sample #322 in Krushensky, 1976 and sample #64 in Genç and Altunkaynak, 
2007) and two that are calcic (samples #76 and #77 in Genç and Altunkaynak, 2007). 
One sample of the Kestanbolu pluton from previously reported studies is alkalic (Figure 
4-5B, sample #27 in Şahin et al., 2010).  
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The final tier for granite classification uses the Aluminum Saturation Index (ASI, 
molecular Al / (Ca-1.67P + Na + K) which is related to the magma sources and melting 
conditions (Frost et al., 2001). Peraluminous (ASI >1) rocks contain more Al than can be 
accommodated in feldspars and therefore contain other aluminous phases (Frost et al., 
2001). Metaluminous rocks (ASI <1 and molecular Na + K < Al) contain excess Ca after 
feldspars have accommodated Al and contain calcic phases such as hornblende (Frost et 
al., 2001). All samples collected from the Kozak, Eybek, and Kestanbolu plutons are 
metaluminous (Figure 4-5C). Of previously reported data, four samples from the Eybek 
pluton are peraluminous or on the dividing line (samples #770 and #772 in Krushensky, 
1976; samples #58 and 59 in Genç and Altunkaynak, 2007). Samples collected from the 
Kozak and Eybek plutons are magnesian, calc-alkalic, and metaluminous (Table 4-7). 
Samples from the Kestanbolu pluton are magnesian, alkali-calcic, and metaluminous. 
Sample KO41B is ferroan, alkali-calcic, and metaluminous (Table 4-7).  
Basic Harker diagrams show that K2O increases with increasing SiO2 and Na2O 
remains constant (3.32±0.33 wt %) with increasing SiO2. Oxides Al2O3, Fe2O3, CaO, 
MgO, P2O5, MnO, and TiO2 decrease with increasing SiO2, consistent with fractional 
crystallization of plagioclase, alkali feldspar, amphiboles, biotite, muscovite, quartz, 
magnetite, and titanite phases, respectively. Figure 4-6 shows two Harker diagrams that 
display patterns consistent with fractional crystallization common in granites.  
 4.2.2 Trace Elements 
Trace elements are important tools for understanding the original tectonic setting 
of plutons because they are often assumed to be unaffected by deformation occurring 
after granite crystallization (e.g., Pearce et al., 1984). Rb content is controlled by the 
crystallization of potassium feldspars with increasing Rb content during fractional 
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crystallization (Ĉerný et al., 1985). However, Rb can be mobilized during hydrothermal 
alteration events and may give results that do not portray the original geochemical 
signature (e.g., Mukasa and Henry, 1990). Using the Rb vs. (Y + Nb) discrimination 
diagram, most samples from the plutons analyzed in this study formed in a volcanic arc 
associated with a subduction zone environment (Figure 4-7). Two samples from the 
Kozak pluton (samples #27-A and #35 in Akal and Helvaci, 1999) and all samples from 
the Eybek pluton plot in the within plate setting (Figure 4-7). Except the one that is on the 
dividing line of volcanic arc and within plate settings.  
Chondrite-normalized rare earth element (REE) diagrams for the Kozak, Eybek, 
and Kestanbolu plutons are enriched in the light rare earth elements (LREE) compared to 
heavy rare earth elements (HREE) (Figure 4-8). In general, rocks collected from the 
Kestanbolu pluton are more enriched in LREE than those from the Kozak and Eybek 
pluton and Eybek displays the largest range in REE contents. For example, the Eybek 
pluton contains 22.7 – 110.3 ppm La compared to the Kestanbolu, which ranges from 
53.1 – 91 ppm La. The wide range of trace element values in the Eybek pluton may be 
present because the Eybek pluton is reported to be composed of four different rock types 
(granite, granodiorite – quartz diorite, quartz monzonite – monzonite, and cataclastic 
granite) (Genç and Altunkaynak, 2007). I report data from the granodiorite, which does 
not display a large range in REE content.   
Of the samples collected, the Kozak and Kestanbolu plutons display more 
negative Eu anomalies compared to the Eybek pluton [(Eu/Eu*) = 0.68±0.04, 0.70±0.06 
compared to 0.82±0.22, where (Eu/Eu*) = EuN/(0.5(SmN/GdN)), N=chondrite-normalized 
(Sun and McDonough, 1989)]. Negative Eu anomalies are due to the fractional 
crystallization of plagioclase (e.g., Bea, 1996). The Kozak and Eybek plutons have flat 
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REE patterns relative to the Kestanbolu pluton [(La/Yb)N = 16.5±2.7, 14.5±2.0, and 
22.5±3.2, respectively, N= chondrite-normalized (Sun and McDonough, 1989)]. 
Chondrite-normalized spider diagrams for the three plutons are shown in Figure 
4-9. Phosphorous is depleted due to the crystallization of apatite, and titanium is depleted 
due to the crystallization of titanite. These minerals are common accessory minerals in 
metaluminous granites and are found in the collected samples (Table 3-2) (Bea, 1996). 
The geochemistry of Y, Th, U, and REE, except for Eu in granitic rocks, is mainly 
controlled by the behavior of accessory minerals rich in these elements (Bea, 1996). 
Trace element abundances also vary due to fractional crystallization and as magma 
genesis moves further from the active subduction zone (e.g., Brown et al., 1984).  
Trace element Harker-type diagrams (Figures 4-10 and 4-11) were also created to 
identify any trends. Ba, Sr, and Zr decrease with increasing SiO2 consistent with 
fractional crystallization of feldspars and zircon respectively (Figure 4-10). The 
Kestanbolu granitoid is more enriched in Nb, Rb, Th, Ba, and Sr relative to the Kozak 
and Eybek plutons (Figures 4-11 and 4-12). In Figure 4-12, Rb/Sr appears to increase 
with increasing SiO2 contents in these rocks.  No trends were found with Nb, Rb, Th, or 
Y vs. SiO2 (Figure 4-11).  
Zircon saturation temperatures are useful for estimating initial magma 
temperatures at the source, and were calculated for samples collected in this study and 
previously reported data (Table 4-8, Watson and Harrison, 1983; Miller et al., 2003). 
Zircon saturation temperatures from the Kozak granites range from 761 ºC – 771 ºC, the 
Eybek granites range from 754 ºC – 759 ºC, and the Kestanbolu granites range from 759 
ºC – 793 ºC. Figure 4-12 and Table 4-9 provide a summary of zircon saturation 
temperatures from this study including previously reported data. Although some overlap 
exists, in general the Kestanbolu pluton appears to have crystallized zircon at higher 
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temperatures than the Kozak and Eybek plutons (Figure 4-12). The Kozak and Eybek 
plutons also display a larger range of zircon saturation temperatures (Figure 4-12). Zircon 
saturation temperatures of 800 ºC – 900 ºC are commonly observed for I-type granites 
whereas temperatures <700 ºC are often observed for S-type granites (Watson and 
Harrison, 1983). My samples lie between the proposed S-type and I-type magmas. High 
saturation temperatures in hydrous granite magmas would result in dissolution of most 
pre-existing zircon grains in crustal melt (Watson and Harrison, 1983).  
4.3 DISCUSSION 
Geochemical analyses were used to determine the source, tectonic setting, and 
geochemical similarity of the Kozak, Eybek, and Kestanbolu plutons. Samples collected 
in this study were compared to previous studies that report a range of geochemical 
compositions for these plutons. Samples from this study lie within the range of previously 
reported data, but do not show as much compositional variation. Previous studies may 
have samples individual units within the plutons resulting in the wide range of 
geochemical compositions. A key issue is that previous studies do not report sample 
locations so the spatial variation of the geochemical composition of the plutons cannot be 
accurately determined. This study reports geochemical compositions of samples with 
specific locations for the Kozak, Eybek, and Kestanbolu plutons.  
Samples collected from the Kozak and Eybek plutons are granodiorites whereas 
samples from the Kestanbolu pluton are monzonite (KO41B, KO42) and quartz 
monzonite (KO43A) (Figure 4-5, Table 4-7). The source of the Kozak and Kestanbolu 
rocks is likely a subduction zone environment whereas the Eybek formed in a within-
plate setting. All rocks are mainly magnesian with the exception of one ferroan sample 
from the Kestanbolu pluton (KO41B) (Figure 4-6, Table 4-7). Magnesian granites are 
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typical of subduction zones with magmas that undergo differentiation in hydrous 
oxidizing conditions (Frost et al., 2001). The ferroan sample was collected on the 
southwestern edge of the pluton near the contact of the country rock and at the contact of 
a cross-cutting fine-grained granitic dike (Figure 4-3). Heterogeneity of this sample 
relative to others collected from the same pluton may be caused by influences from 
country rock or the cross cutting dike. The Kozak and Eybek plutons are calc-alkalic, 
typical of volcanic arc granites (Frost and Frost, 2008, Table 4-7). The Kestanbolu 
samples are alkali-calcic which may indicate that the source region for the melt was 
located further from the subduction zone than the Kozak and Eybek plutons (Frost et al., 
2001, Table 4-7). Differentiation and magma mixing can also cause granitic rocks to 
become more alkaline (Frost et al., 2001). Two samples from the Eybek pluton analyzed 
previously are alkali-calcic, two are calcic, and one sample from the Kestanbolu pluton is 
alkalic (Figure 4-5-B). All samples collected are metaluminous (Figure 4-5C, Table 4-7) 
indicating that they contain calcic phases (Frost et al., 2001). Four samples of the Eybek 
pluton are peraluminous (#770 and #772, Krushensky, 1976; #58 and #59, Genç and 
Altunkaynak, 2007) indicating they contain aluminous phases (Frost et al., 2001).  
The three-tiered classification scheme by Frost et al. (2001) is used to identify the 
tectonic setting of granitic rocks. Plutons that are magnesian, calc-alkalic, and 
metaluminous often occur in the main portion of Corderillan batholiths, such as the 
Tuolumne suite of the Sierra Nevada (Bateman and Chappell, 1979; Frost et al., 2001). 
The Kozak and Eybek plutons are geochemically similar to those found in the main 
portion of Corderillan batholiths. Plutons that are magnesian, alkali-calcic, and 
metaluminous often occur inboard from Cordilleran batholiths like the Ben Nevis 
intrusive complex of Scotland (Haslam, 1968; Frost et al., 2001). These plutons may be 
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associated with delamination of overthickened crust (Frost et al., 2001). The Kestanbolu 
pluton is geochemically similar to those found inboard from the Cordilleran batholith.  
Trace element Pearce et al. (1984) diagrams are consistent with the emplacement 
of the Kozak and Kestanbolu granitoids in a volcanic arc setting whereas the Eybek 
pluton formed in a within-plate setting (Figure 4-7). Trace element Harker-type diagrams 
show the Kestanbolu pluton more enriched in Nb, Rb, Th, Ba, and Sr relative to the 
Kozak and Eybek plutons (Figures 4-11 and 4-12). This discrepancy may be the result of 
the complexities and various crustal lithologies present for continental volcanic arcs at 
active margins (e.g., Förster et al., 1997). Granites that source from arc-continent 
collision or those that source from the end stage of arc-related magmatism have been 
shown to plot well into the within-plate granite field as a result of crustal contamination 
or extreme magmatic differentiation (Förster et al., 1997).  
A major question in this study is if the three plutons analyzed are geochemically 
similar. All data show that the Kozak and Eybek plutons are similar when considering the 
Frost et al. (2001) three-tiered classification scheme, trace element Harker-type diagrams, 
the flatness of REE patterns [(La/Yb)N ], and a larger range of Zr saturation temperatures 
at lower values than the Kestanbolu pluton. The Kozak and Kestanbolu pluton appear 
more similar when considering the Pearce trace element diagrams and more negative 
europium anomalies (Eu/Eu*). 
The Kozak and Kestanbolu plutons have a volcanic-arc source whereas the Eybek 
pluton has a within plate setting. The Eybek pluton is located on the southeastern edge of 
the Kazdağ metamorphic core complex (Figure 2-4) and may have formed during 
exhumation of the massif, resulting in the wider range of REE contents relative to the 
Kozak and Kestanbolu plutons. Geochemical heterogeneity of the Kestanbolu pluton may 
be evidence for the presence of the proposed Vardar Suture Zone (VSZ) (Figure 2-3). 
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The Kestanbolu pluton is located in the Rhodope Zone whereas the Kozak and Eybek 
plutons are located in the Sakarya Zone (See Chapter 2, Şengör and Yılmaz, 1981). The 
differences in crustal lithologies of these zones may result in geochemical differences in 
the Kestanbolu pluton evidenced by steeper REE patterns, more enrichment in trace 
elements Nb, Rb, Th, Ba, Sr, and higher zircon saturation temperatures relative to the 
Kozak and Eybek plutons. The Kestanbolu pluton also has a geochemical signature that 
indicates its setting is further from the active subduction zone based on the Frost et al., 
(2001) classification scheme. The distance from the subduction zone may affect the 
distribution of trace elements in the Kestanbolu pluton relative to the Kozak pluton (e.g., 
Brown et al., 1984).  
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Figure 4-1:  Field photos of Kozak pluton. Granite quarry where sample KO31 was 
collected (top) (people in background for scale) and sample KO33 collected 
from granite outcrop (bottom) (pencil for scale).  
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Figure 4-2: Field photos of Eybek pluton.  Granite outcrop in open fern field where 
sample KO40 was collected (top) and outcrop in wooded area where sample 
KO37 was collected (bottom) (people for scale).  
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Figure 4-3: Field photo from the Kestanbolu pluton where sample KO41 was taken (top) 
(people in background for scale) and image of KO41 displaying granite vein 
(A) and main pluton (B) (bottom).  
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Figure 4-4:  Na2O + K2O versus SiO2 diagram for the Kozak, Eybek, and Kestanbolu 
plutons (Middlemost, 1994). The plutons vary from diorite, granodiorite, 
monzodiorite, monzonite, quartz monzonite, to granite. Data from 
Krushensky, 1976, n=11; Altunkaynak and Yılmaz, 1998, n=5; Karacık and 
Yılmaz, 1998, n=5; Akal and Helvaci, 1999, n=21; Delaloye and Bingöl, 
2000, n=7; Yılmaz et al., 2001, n=7; Genç and Altunkaynak, 2007, n=8; 
Şahin et al., 2010, n=27; this thesis, n=10 (indicated in red).  
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Figure 4-5: (A) FeO
tot
/(FeO
tot
+MgO) vs. SiO2 wt% diagram, (B) Modified Alkaline Lime 
Index (MALI: Na2O+K2O-CaO) vs. SiO2 wt%, and (C) Aluminum 
Saturation Index (ASI: Al/Ca-1.67P+Na+K (molar) vs. SiO2 wt% diagrams 
(after Frost et al., 2001). Data points are the same as in Figure 4-4. # 770, 
772 (Krushensky, 1976), #58, 59, 76, 77 (Genç and Altunkaynak, 2007), 
#27 (Şahin et al., 2010). 
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Figure 4-6: Major element Harker diagrams (TiO2 vs. SiO2 wt% and P2O5 vs. SiO2 wt%) 
showing fractional crystallization. Data points are the same as in Figure 4-4. 
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Figure 4-7: Rb vs. (Y + Nb) discrimination diagram for showing the fields for syn-
collisional (syn-COLG), within-plate (WPG), volcanic-arc (VAG), and 
ocean ridge granites (ORG) (Pearce et al., 1984). Data points are the same 
as in Figure 4-4.  
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Figure 4-10: Trace element (ppm) vs. SiO2 wt% variation diagrams for the Kozak, Eybek, 
and Kestanbolu plutons.  Data points are the same as in Figure 4-4. 
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Figure 4-11: Trace element (ppm) vs. SiO2 wt% variation diagrams for the Kozak, Eybek, 
and Kestanbolu plutons. Data points are the same as in Figure 4-4. 
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Figure 4-12: Trace element variation diagrams for the Kozak, Eybek, and Kestanbolu 
plutons. Data points are the same as in Figure 4-4. 
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Figure 4-13: Histogram of zircon saturation temperatures from the Kozak, Eybek and 
Kestanbolu plutons. Calculations after Watson and Harrison (1983). Data 
the same as in Figure 4-4. 
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Table 4-1: Bulk major element concentrations from the Kozak pluton. 
 KO30
 
KO31
 
KO32
 
KO33
 
SiO2 65.45 66.25 64.76 63.45 
Al2O3 16.96 15.28 15.5 14.88 
Fe2O3 8.98 4.91 4.42 4.85 
MnO 0.08 0.07 0.08 0.09 
MgO 2.17 2.02 2.37 2.60 
CaO 4.17 3.84 3.9 4.35 
Na2O 3.34 3.51 3.23 3.48 
K2O 3.45 3.52 3.53 3.48 
TiO2 0.50 0.48 0.54 0.58 
P2O5 0.22 0.2 0.27 0.28 
LOI 0.44 0.73 0.77 0.83 
Total 100 100.5 99.18 100.5 
Elements reported as weight percent oxide. All elements were obtained using Fusion 
Inductively Coupled Plasma Spectrometry. Fe2O3 is measured total. Detection limit for all 
elements is 0.01 wt% with the exception of MnO and TiO2 (0.001%). LOI = Loss of 
ignition.  See Figure 2-4 and Table 3-1 for sample locations. 
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Table 4-2: Bulk major element concentrations from the Eybek pluton. 
 KO37
 
KO39
 
KO40
 
SiO2 62.99 64.83 62.5 
Al2O3 15.26 16.75 15.66 
Fe2O3 5.59 4.02 6.35 
MnO 0.10 0.06 0.11 
MgO 2.39 1.46 2.86 
CaO 4.8 4.38 4.95 
Na2O 3.36 3.64 3.45 
K2O 3.12 3.31 3.37 
TiO2 0.61 0.42 0.70 
P2O5 0.2 0.13 0.23 
LOI 0.4 0.56 0.42 
Total 98.82 99.56 100.60 
Detection limits and methods same as for Table 4-1. 
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Table 4-3: Bulk major element concentrations from the Kestanbolu pluton. 
 KO41B
 
KO42
 
KO43A
 
SiO2 60.43 61.26 65.99 
Al2O3 16.01 15.1 15.36 
Fe2O3 6.68 5.38 3.97 
MnO 0.10 0.09 0.07 
MgO 1.94 1.92 1.48 
CaO 4.17 4.02 3.43 
Na2O 3.99 3.29 3.64 
K2O 3.84 4.65 4.7 
TiO2 0.65 0.54 0.44 
P2O5 0.33 0.27 0.23 
LOI 0.71 1.85 0.41 
Total 98.84 98.38 99.72 
Detection limits and methods same as for Table 4-1. 
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Table 4-4: Bulk trace element concentrations from the Kozak pluton. 
 KO30
 
KO31
 
KO32
 
KO33
 
Sc 11 10 12 14 
Be 3 3 3 3 
V 98 82 98 102 
Ba 1214 1112 1220 1272 
Sr 641 649 589 681 
Y 19 17 23 23 
Zr 174 158 183 192 
Cr 20 nd
 
30 30 
Co 12 11 13 13 
Cu 10 10 nd 10 
Zn 50 50 50 60 
Ga 19 19 19 20 
Ge 1 2 2 2 
Rb 113 122 121 117 
Nb 12 12 14 13 
Sn 3 2 3 3 
Cs 1.9 1.7 1.9 1.8 
La 44.4 31.4 52 56.7 
Ce 89.3 64.7 103 110 
Pr 9.81 7.42 11.4 12 
Nd 35.4 28.2 40.3 43 
Sm 6.3 5.3 7.3 7.6 
Eu 1.29 1.14 1.36 1.44 
Gd 4.7 4 5.3 5.7 
Tb 0.7 0.6 0.8 0.8 
Dy 3.6 3.3 4.3 4.5 
Ho 0.7 0.6 0.9 0.9 
Er 2 1.7 2.3 2.3 
Tm 0.28 0.26 0.34 0.33 
Yb 1.8 1.7 2.4 2.1 
Lu 0.29 0.28 0.4 0.31 
Hf 4.3 4.1 4.8 4.7 
Ta 1 1.1 1.5 1 
W 2 1 1 nd 
Tl 0.7 0.7 0.7 0.7 
Pb 26 29 29 26 
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Table 4-4: cont. 
 
Th 20.9 18.1 22.5 18.6 
U 5.9 5.5 5.4 4.2 
All elements reported as parts per million (ppm). The elements Sc, Be, V, Ba, Sr, Y, and 
Zr were obtained using Fusion Inductively Couple Plasma Spectrometry. All other 
elements were detected using Fusion Inductively Couple Plasma / Mass Spectrometry.  
Detection limits: Lu=0.04ppm; Pr, Eu, Tm=0.05ppm; La, Ce, Nd, Gd, Tb, Dy, Ho, Er, 
Yb, Ta, Tl, Th, U=0.1ppm; In and Hf =0.2ppm; Bi=0.4ppm; Sc, Be, Co, Ga, Ge, Nb, Sn, 
W=1ppm; Sr, Y, Rb, Mo=2ppm; Ba=3ppm; Zr=4ppm; V, As, Pb=5ppm; Cu=10 ppm; Cr 
and Ni=20 ppm; Zn=30ppm. Elements measured but not detected (nd) include: As, Mo, 
Ni, In, Ag, Sb, and Bi. 
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Table 4-5: Bulk trace element concentrations from the Eybek pluton. 
 KO37
 
KO39
 
KO40
 
Sc 13 7 15 
Be 3 3 3 
V 110 71 130 
Ba 1069 1236 936 
Sr 577 696 615 
Y 24 13 24 
Zr 174 144 197 
Cr 20 nd nd 
Co 13 10 16 
Cu nd 10 20 
Zn 70 40 60 
Ga 18 18 18 
Ge 2 1 2 
Rb 121 130 133 
Nb 15 9 14 
Sn 3 2 2 
Cs 4.3 5.8 6.1 
La 44.4 33.6 48.5 
Ce 92.9 65.6 95.9 
Pr 10.4 7.06 10.5 
Nd 37.7 24.4 37.2 
Sm 7.2 4.2 6.7 
Eu 1.48 1.33 1.4 
Gd 5.5 3.1 5.2 
Tb 0.8 0.5 0.8 
Dy 4.7 2.4 4.2 
Ho 0.9 0.5 0.8 
Er 2.7 1.4 2.3 
Tm 0.4 0.21 0.35 
Yb 2.6 1.5 2.3 
Lu 0.42 0.24 0.36 
Hf 4.3 3.7 4.8 
Ta 1.5 0.9 1.1 
W nd nd 1 
Tl 0.8 0.8 0.9 
Pb 38 41 35 
Th 27.4 23 31 
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Table 4-4: cont. 
 
U 7.3 8.5 9.7 
Methods and detection limits are the same as Table 4-4. Elements measured but not 
detected (nd) include: As, Mo, Ni, In, Ag, Sb, and Bi. 
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Table 4-6: Bulk trace element concentrations from the Kestanbolu pluton. 
 KO41B KO42
 
KO43A
 
Sc 9 10 7 
Be 6 4 6 
V 97 98 73 
Ba 907 1401 1070 
Sr 816 756 842 
Y 28 20 19 
Zr 288 192 194 
Cr 20 20 nd 
Co 12 12 9 
Ni nd 20 nd 
Cu 30 30 20 
Zn 60 50 40 
Ga 20 17 18 
Ge 2 2 1 
Rb 161 189 201 
Nb 24 16 18 
Ag nd 0.8 nd 
Sn 5 4 3 
Cs 3.4 3 6.1 
La 67.2 59.3 64.7 
Ce 160 115 133 
Pr 18.6 12.6 14.3 
Nd 66.5 44.5 49.7 
Sm 11.7 7.4 8.6 
Eu 2.1 1.59 1.78 
Gd 7.9 5.2 5.9 
Tb 1.1 0.7 0.8 
Dy 5.4 3.8 3.9 
Ho 1 0.7 0.7 
Er 2.7 2 2 
Tm 0.4 0.29 0.29 
Yb 2.5 1.9 1.8 
Lu 0.37 0.32 0.28 
Hf 7.1 5.2 5.2 
Ta 2.2 1.5 1.9 
W 3 nd nd 
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Table 4-4: cont. 
 
Tl 1.2 1.3 1.3 
Pb 57 43 69 
Th 40.5 47.7 60.5 
U 7.8 10.2 16.2 
Methods and detection limits are the same as Table 4-4. Elements measured but not 
detected (nd) include: As, Mo, In, Sb, and Bi. 
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Table 4-7: Geochemical classification of collected samples using the three-tiered 
classification scheme of Frost et al., 2001. Rock type after Wilson, 1989. 
Data the same as in Figure 4-4.  
 Rock type Fe-index MALI ASI Setting 
Kozak Pluton 
KO30 Granodiorite Magnesian Calc-alkalic Metaluminous Main portion 
of Corderillan 
batholiths 
KO31 Granodiorite Magnesian Calc-alkalic Metaluminous Main portion 
of Corderillan 
batholiths 
KO32 Granodiorite Magnesian Calc-alkalic Metaluminous Main portion 
of Corderillan 
batholiths 
KO33 Granodiorite Magnesian Calc-alkalic Metaluminous Main portion 
of Corderillan 
batholiths 
Eybek Pluton 
KO37 Granodiorite Magnesian Calc-alkalic Metaluminous Main portion 
of Corderillan 
batholiths 
KO39 Granodiorite Magnesian Calc-alkalic Metaluminous Main portion 
of Corderillan 
batholiths 
KO40 Granodiorite Magnesian Calc-alkalic Metaluminous Main portion 
of Corderillan 
batholiths 
Kestanbolu Pluton 
KO41B Monzonite Ferroan Alkali-calcic Metaluminous Granophyres 
associated with 
mafic dikes 
and plutons 
KO42 Monzonite Magnesian Alkali-calcic Metaluminous Inboard from 
Corderillan 
batholiths 
KO43A Quartz 
monzonite 
Magnesian Alkali-calcic Metaluminous Inboard from 
Corderillan 
batholiths 
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Table 4-8: Zircon saturation temperatures of samples collected in this study. Calculations 
after Watson and Harrison (1983).  
Sample Zr Saturation Temp (ºC) 
Kozak Pluton 
KO30 765 
KO31 761 
KO32 770 
KO33 771 
Eybek Pluton 
KO37 755 
KO39 754 
KO40 759 
Kestanbolu Pluton 
KO41B 793 
KO42 759 
KO43A 772 
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Table 4-9: Summary of zircon saturation temperatures. Calculations after Watson and 
Harrison (1983). Data points the same as in Figure 4-4.  
 Zr Saturation 
Temperature Range (ºC) 
Average Zr Saturation 
Temperature (ºC) 
Kozak Pluton 718 – 797  754 ± 18 
Eybek Pluton 689 – 776 750 ± 21 
Kestanbolu Pluton 758 – 793 770 ± 8 
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Chapter 5:  Cathodoluminescence Imagery and Discussion 
5.1 INTRODUCTION 
In this study, cold-cathode luminescence is used to understand the structural and 
tectonic history of the Kozak, Eybek, and Kestanbolu plutons by identifying mineral 
distributions and compositions, crack and vein textures, mineral zoning, and evidence for 
fluid alteration (e.g., Mora and Ramseyer, 1992; Ramseyer et al., 1992; Stirling et al., 
1999; Janousek et al., 2004). Cathodoluminescence (CL) is also used to better understand 
ion microprobe ages (see Chapter 6) by identifying compositional zoning of zircon grains 
after ion microprobe analysis.  
Cathodoluminescence is the emission of visible light from a material following 
excitation by an electron beam (e.g., Stirling et al., 1999). Luminescence of minerals 
results from the excitation of element activators present in the crystal lattice. Examples of 
activators include titanium (Ti
4+
) in alkali feldspar and (Mn
2+
) in calcite. Structural or 
lattice defects may also result in a minerals luminescence (Stirling et al., 1999). 
Quenchers are elements that inhibit CL such as ferrous iron (Fe
2+
), so that little or no 
visible light is produced (Marshall, 1988). Since CL is affected by even small differences 
in the amount of impurities incorporated in a crystal and by crystal defects, two samples 
of the same mineral can behave very differently (Marshall, 1988; Mora and Ramseyer, 
1992). For example, plagioclase grains in the same rock sample can appear differently in 
CL as zonation records magmatic and subsolidus evolution (Stirling et al., 1999; Götze et 
al., 1999a; Janousek et al., 2004; Leichmann et al., 2003).  
Each mineral imaged with CL from the Kozak, Eybek, and Kestanbolu plutons 
shows a distinct characteristic color. While quantitative means can be used to describe the 
wavelengths of these colors, qualitative terms are commonly used to describe colors seen 
in CL (e.g., Parsons et al., 2008; Catlos et al., 2010). Plagioclase grains appear various 
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shades of green and yellow due to the presence of the element activator Mn
+
 in yellow 
regions and Mn
2+
 and Ca
2+ 
in green regions (Mora and Ramsayer; 1992, Götze et al., 
1999b). Alkali feldspars luminesce various shades of blue due to the element activators 
Ti
4+
, Cu
2+
, Ga
3+
, and Eu
2+
 (Mariano and Ring, 1975; De St. Jorre and Smith, 1988). Red 
luminescence on the edges of plagioclase and alkali feldspar grains is attributed to Fe
3+
 
and indicates interaction with late-stage hydrothermal fluids (Finch and Klein, 1999). In 
these samples quartz weakly luminesces as a brown or dull black color. The element 
activators for quartz are not well constrained and CL color can vary with crystallographic 
orientation (e.g., Walderhaug and Rykkje, 2000; Müller et al., 2007). Subtle variations in 
the CL colors of feldspars are attributed to various amounts of activators and quenchers 
and may distinguish multiple generations of crystallization (e.g., Marshall, 1988). In the 
thin section samples, apatite grains appear bright yellow in CL and zircon grains appear 
bright white. Calcite, a secondary mineral acquired during fluid alteration in igneous 
rocks, appears various shades of bright orange. Biotite, hornblende, and titanite are not 
visible in CL.  
5.2 CL INTERPRETATIONS 
 5.2.1 Kozak Pluton CL Interpretations 
Samples KO30, KO31, KO32, KO33 were collected from the Kozak pluton and 
contain Qtz + Pl + Kfs + Bt + Hbl + Chl + Ap + FeO + Zrn + Ttn + Cal ± FeSi ±ThUSi ± 
ThSi (Table 3-2) (mineral abbreviations after Kretz, 1983). Samples KO30 and KO31 
(Figures 5-1 and 5-2) were collected from two rock quarries in the center of the Kozak 
pluton (see Figure 2-4). Samples KO32 and KO33 (Figures 5-3 and 5-4) were collected 
on the southeastern edge of the Kozak pluton near the contact with the country rock (see 
Figure 2-4).  
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Plagioclase grains range in size from less than 1 millimeter to several millimeters 
which may indicate magma mixing (e.g., Salisbury et al., 2008). Deteriorated and cracked 
cores of plagioclase grains may represent relic crystals from previous magmas (Janousek 
et al., 2008). Some plagioclase grains display normal zoning with bright green cores and 
darker green rims indicating higher amounts of calcium in the bright yellow-green cores 
(e.g. Mora and Ramseyer, 1992; Catlos et al. 2011). The change from a more anorthite 
rich core to more albite rich rim is consistent with fractional crystallization of plagioclase 
during magma solidification (e.g., Vance, 1965; Leichmann et al., 2003).  
In some areas, alkali feldspar appears to be impinging or bulging into plagioclase 
grains indicating alkali feldspar is replacing plagioclase. Reddish brown plagioclase rims 
indicate reaction textures with alkali feldspar. Small alkali feldspar grains are seen in the 
cores of plagioclase crystals and may have entered through plagioclase cleavage or 
twinning planes (Leichmann et al., 2003). “Flame-type” structures within alkali feldspar 
grains may be due to different chemical compositions within each grain or edge effects 
due to microcracks (Catlos et al., 2011).  
Cross-cutting microcracks are also visible in quartz, plagioclase, and alkali 
feldspar grains indicating multiple episodes of brittle deformation. Microcracks in quartz 
grains have been healed with alkali feldspar and plagioclase. These veins likely acted as 
conduits for fluids to facilitate reaction textures between minerals (Morad et al., 2010). 
Intergranular microcracks are also seen cutting multiple phases including plagioclase and 
alkali feldspar. The accessory minerals apatite and zircon are commonly found clustered 
in biotite and hornblende grains, which may represent late-stage crystallized interstitial 
melt (e.g., Jennings et al., 2011).  
Myrmekite texture is seen in alkali feldspar where it is in contact with plagioclase 
and biotite. Myrmekite texture can form by the consumption of alkali feldspar during 
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metasomatism (e.g., Simpson and Wintsch, 1989; Yuguchi and Nishiyama, 2008). 
Secondary calcite is found in plagioclase cores, myrmekite, and sealing grain boundary 
microcracks. CO2 rich fluids may have entered through microcracks, twinning or 
cleavage planes and reacted with Ca from plagioclase to form calcite (Leichmann et al., 
2003). Sample KO32 does not appear to contain any secondary calcite. Some plagioclase 
grains display oscillatory and patchy zoning indicating post-crystallization modification 
by hydrothermal fluids.  
5.2.2 Eybek Pluton CL Interpretations 
Samples KO37, KO39, and KO40 were collected from the Eybek pluton and 
contain Qtz + Pl + Kfs + Bt + Hbl + Chl + FeO + Ap + Ttn + Zrn + Px + Ms (Table 3-2). 
Sample KO37 (Figure 5-5) was collected along the eastern edge of the Eybek pluton. 
Samples KO39 and KO40 (Figures 5-6 and 5-7) were collected along the northeastern 
edge of the Eybek pluton ~5 km north of the KO37 sample location.  
Similar to the Kozak plutons, plagioclase grains show evidence for magma 
mixing based on deteriorated plagioclase cores with reaction textures on grain rims and 
variations in grain sizes (Janousek et al., 2004; Salisbury et al., 2008). Plagioclase grains 
also display normal, reverse, oscillatory, and patchy zoning. Samples KO39 and KO40 
(Figures 5-6 and 5-7) contain larger (~3 mm) plagioclase grains relative to sample KO37. 
Alkali feldspar is working to replace plagioclase grains as evidenced by alkali 
feldspar grains bulging into plagioclase, and those found in the cores of plagioclase. Relic 
plagioclase grains displaying myrmekite texture are enveloped by alkali feldspar. 
Numerous occurrences of myrmekite texture are seen on the grain boundaries between 
plagioclase and alkali feldspar. Alkali feldspar also displays red rims and zonation with 
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bright blue cores and darker blue to red rims indicating hydrothermal fluid alteration 
(Finch and Klein, 1999). 
  Accessory minerals are found in biotite and hornblende grains, as was typical of 
the Kozak pluton. Cross-cutting intragranular microcracks, intergranular microcracks, 
and cleavage cracks indicate multiple episodes of brittle deformation. Unlike the Kozak 
plutons, no secondary calcite is found in samples of this pluton. 
5.2.3 Kestanbolu Pluton CL Interpretations 
Samples KO41B, KO42, and KO43A were collected from the Kestanbolu pluton 
and contain Qtz + Pl + Kfs + Bt + Hbl + Chl + FeO + Ttn + Ap + Zrn + Cal + Px ±Mnz 
(Table 3-2). Sample KO41B (Figure 5-8) was collected from the southwestern edge of 
the Kestanbolu pluton near the contact with the country rock (see Figure 2-4). Samples 
KO42 and KO34A (Figures 5-9 and 5-10) were collected from the center of the 
Kestanbolu pluton ~5 km from the location of sample KO41B (see Figure 2-4).  Sample 
KO43A (Figure 5-10) was collected from a rock quarry. 
The Kestanbolu pluton appears more altered than samples from the Kozak and 
Eybek plutons. Plagioclase, alkali feldspar, and quartz grains appear fractured with 
numerous generations of cross-cutting intergranular and intragranular microcracks. Some 
microcracks in quartz grains are sealed with alkali feldspar and plagioclase. The 
intergranular microcracks appear to be sealed with quartz. Calcite sealed microcracks 
found in plagioclase grains extend and/or cross-cut intergranular microcracks, suggesting 
CO2 rich fluids interacted with Ca from plagioclase and may have traveled via the 
intergranular microcracks (Leichmann et al., 2003). Secondary calcite also seals 
microcracks along the grain boundaries of alkali feldspar and quartz. Secondary calcite is 
not found in sample KO41B.  
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Plagioclase grains display deteriorated cores, some filled with hornblende 
crystals. Reactions textures are present on some plagioclase rims evidenced by brown 
rims. Similar to the Kozak and Eybek plutons, plagioclase grains also display various 
sizes indicating magma mixing (e.g., Salisbury et al., 2008). Some alkali feldspar grains 
have red rims indicating interaction with hydrothermal fluids (Finch and Klein, 1999). In 
some instances, alkali feldspar intrudes into plagioclase grains suggesting alkali feldspar 
aided by hydrothermal fluids is replacing plagioclase (Drake et al., 2008; Morad et al., 
2010).  
Accessory minerals commonly cluster in hornblende and biotite grains. Apatite 
and zircon grains are clustered in biotite and hornblende grains, but also found in alkali 
feldspar grains.  
5.3 DISCUSSION 
Thin section CL images reveal textural and compositional information for the 
Kozak, Eybek, and Kestanbolu plutons that includes magma mixing, multiple stages of 
brittle deformation, and fluid alteration. All plutons have plagioclase grains of various 
sizes and cracked cores that may indicate magma mixing events. The variety of zoning 
patterns in plagioclase, corroded relic plagioclase cores, and “flame-type” structures in 
alkali feldspars are also evidence of magma mixing. Cross-cutting relationships between 
large intergranular microcracks, intragranular microcracks, and cleavage microcracks are 
evidence of multiple episodes of brittle deformation that may be related to pulsed 
exhumation of the plutons. Sealed microcracks were likely conduits for fluids that 
facilitated reactions between minerals. In some instances, alkali feldspar is seen replacing 
plagioclase.  
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All plutons display evidence of fluid alteration; however the absence of secondary 
calcite in the Eybek pluton may indicate that CO2 rich fluids did not move through these 
rocks. The red luminescence on the rims of alkali feldspar grains in all plutons may 
suggest the enrichment of Fe
3+
 in feldspars from a metasomatic fluid (e.g., Finch and 
Walker, 1991). Alkali feldspar also displays zonation with bright blue cores and darker 
blue to red rims indicating hydrothermal fluid alteration (Finch and Klein, 1999). 
Alteration of CL colors along grain boundaries and patchy zoning in feldspars may also 
be evidence of fluid alteration.      
The Kestanbolu pluton samples appear the most altered with many cross-cutting 
microcracks filled with quartz, feldspar and calcite, compared to the Kozak and Eybek 
plutons. This may indicated that the Kestanbolu pluton underwent more brittle 
deformation relative to the Kozak and Eybek plutons. Secondary calcite is not found in 
sample KO41B located on the southwestern edge of the pluton. This may indicate that 
CO2 rich fluids were not present in this portion of the pluton.  
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Chapter 6: Geochronological Analyses and Discussion 
6.1 INTRODUCTION 
In this study, in situ (in thin section) ion microprobe ages were obtained from 
zircon (ZrSiO4) grains from the Kozak pluton (sample numbers KO30, KO31, KO32, 
KO33), Eybek pluton (KO37, KO39, KO40) and Kestanbolu pluton (KO41B, KO42, 
KO43A) (see Figure 2-3 for sample locations). Zircon is one of the most commonly used 
minerals for isotopic age determinations because of its common occurrence in a wide 
variety of rocks, high abundance in uranium, closure temperature (TC) greater than 800ºC, 
and resistance to age resetting (e.g., Hanchar and Miller, 1993; Schneider et al., 1999; 
Cherniak and Watson, 2001; Corfu et al., 2003).  
The in situ (in rock thin section) Secondary Ion Mass Spectrometry (SIMS) dating 
method preserves the zircon grain and rock fabric and allows for a better interpretation of 
the age. This is the first time the in situ method has been used to date these rocks. A 
description of methods for this procedure is found in Chapter 3. The CAMECA ims 1270 
ion microprobe was used to date the zircon grains, which range from 10-100 m in 
diameter. The ion microprobe spot was at times larger than the grain itself, so a 10 m 
field aperture window was used to ensure that only ions from the center of the analyzed 
area pass into the mass spectrometer (see also Ireland and Williams, 2003). The ion probe 
creates a <1m deep pit during a 15 minute analysis. Note also that it is difficult to target 
precise locations on zircon grains for analyses because of the poor reflected light optics 
of the ion microprobe.  
Color cathodoluminescence (CL) was used to better interpret the ages by imaging 
the textural relationships and internal structures of dated grains. CL reveals alteration 
textures, complex zoning (oscillatory and/or sector), inherited cores from previous 
crystallization events, and outer rims of grains that may represent the latest crystallization 
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event (e.g., Marshall, 1988; Hanchar and Miller, 1993; Vavra, 1994; Corfu et al., 2003). 
Chapter 5 presents the whole-rock CL results (Figures 5-1 to 5-10). This chapter also 
includes images of individual zircon grains.  
The causes of CL intensities and the elements and/or factors that influence CL 
color and intensity of zircon in panchromatic SEM-CL images is still debated and poorly 
understood (Nasdala et al., 2003; Gotze and Kempe, 2008). Blue and yellow CL 
emissions of zircon are attributed mainly to trace element Dy
3+ 
contents, but Sm
3+
, Y
3+
, 
Eu
2+
, and Tb
3+
 may also be CL activators (e.g., Marshall, 1988; Hanchar and Rudnick, 
1995; Corfu et al., 2003). The presence of Y
3+
, Ti
4+
, and U
4+ 
may cause lattice defects in 
zircon resulting in yellow and blue CL emission (Hanchar and Rudnick, 1995). Zircons 
may also emit lower CL intensities because of radiation damage to the crystal by 
radioactive decay of uranium (Poller et al., 2001; Corfu et al., 2003; Nasdala et al., 2003). 
The electronic structure, radiation damage, and thermal history of a zircon grain may 
affect CL emission so that a simple relationship between color and trace element content 
cannot be determined (Nasdala et al., 2003). For example, some zircons have been shown 
to display blue color in CL images, but do not emit a blue band CL emission within the 
visible light spectrum resulting in the inability to determine which trace element causes 
the blue color in the image (Gotze and Kempe, 2008).  
Even though it is difficult to determine the exact cause of CL in zircon, color CL 
imaging is still a useful tool to better interpret ages and understand possible changes in 
magmatic conditions as zircons crystallized. Various zircon CL colors within the same 
rock may indicate changes in trace element distribution or the thermal history of the 
rocks. CL is also useful in interpreting internal structures within the grains to better 
interpret the age as an inherited core, igneous crystallization event, or metamorphism 
 88 
event. This is the first time that color CL images of zircon grains have been reported for 
these plutons. 
Most of the grains dated in the thesis show oscillatory zoning, typical of igneous 
zircons (Corfu et al., 2003 Hoskin and Schaltegger, 2003; Mouri et al., 2008). Some show 
sector zoning, which may be caused by a rapid and unequal growth rate of crystal faces 
resulting in trace elements being taken up by the faster growing crystal faces (Corfu et 
al., 2003; Hoskin and Schaltegger, 2003). Other zircons display both oscillatory and 
sector zoning. Many zircons also have distinct cores only visible in CL. The CL colors of 
zircons dated in this study are gray, yellow, light blue, purple, and pink.  
Ages obtained in this thesis are often concordant (Figures 6-1 to 6-3) (Faure, 
1986; Faure and Mensing, 2005), but some are not. Reverse discordance may be caused 
by uranium loss, an overcorrection of the amount of common Pb in the dated grain, or an 
analytical artifact (Wiedenbeck, 1995; Carson et al., 2002; Faure and Mensing, 2005). 
Discordance is common in zircons due to Pb loss by diffusion or recrystallization (e.g., 
Faure, 1986). Using the in situ SIMS dating method, zircons may also be discordant if the 
ion beam straddles internal zoning boundaries causing a mixing of ages from the different 
zones (e.g., Hanchar and Miller, 1993). Different common Pb corrections were applied to 
identify the age that best represents the sample (similar to Altunkaynak et al., 2012). In 
this chapter, all ages are reported at the ±1 levels of uncertainty (Tables 6-1 to 6-3). 
235
U/
207
Pb ages at ±1 are also provided in Table 6-4. 
6.2 AGE OF KOZAK PLUTON 
Previously reported ages for the Kozak pluton range from 37.6±3.3 Ma (Delaloye 
and Bingöl, 2000; Bingöl et al., 1982) to ~13 Ma (Ataman, 1974) (see Table 2-1). All 
ages were obtained by K-Ar or Rb-Sr dating of biotite, hornblende, or orthoclase. Late 
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Eocene to Middle Miocene ages are commonly linked to the crystallization of the pluton 
(e.g., Boztuğ et al., 2009). One Eocene and one Miocene age, however, are attributed to 
excess argon (37.6±3.3 and 24.2±1.1 Ma reported in Bingöl et al., 1982 and Delaloye and 
Bingöl, 2000). This study presents the first reported zircon ages from the Kozak pluton. 
Samples KO30 and KO31 were collected from the core of the pluton and samples 
KO32 and KO33 were collected along the eastern edge near the contact with country rock 
(see Figure 2-4). Four zircons each were dated from samples KO30 (Figures 6-1, 6-4 and 
6-5), KO31 (Figures 6-1, 6-6 and 6-7), and KO32 (Figures 6-1, 6-8 and 6-9). Three 
zircons were dated from sample KO33 (Figures 6-1, 6-10 and 6-11) (see Table 6-1).  
Overall, zircons from the Kozak pluton are Late Eocene to Early Miocene age  
(36.5±6.6 Ma to 17.1±0.7 Ma), with an average age of 22.1±2.1 Ma, a weighted mean 
age of 30.6±0.3 Ma, and a Mean Square Weighted Deviation (MSWD) of 23.5 (Table 6-1 
and 6-5). Note that the two Permian ages found from a single grain in the Kozak pluton 
are not included in average age calculations. Both simple and weighted mean average 
ages are reported. A simple average is calculated assuming that every age, no matter its 
uncertainty is of equal importance (Ross, 2009). A weighted average is calculated by 
assigning different weights to each age so that more precise ages have more importance 
(Ross, 2009). MSWD measures the scatter of individual ages and has an expected value 
of 1 when the observed deviations from the regression line are within analytical error 
(Wendt and Carl, 1991; Faure and Mensing, 2005). In this case, all of the dated samples 
are inconsistent with a single population.  
6.2.1 Inner Kozak Pluton 
Zircons from the inner part of the Kozak pluton are Permian age and Late Eocene 
to Early Miocene age (Figure 6-1 and Table 6-1). Grains are located in or near biotite, 
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hornblende, quartz, plagioclase, and iron oxide (Figure 6-4). Individual zircon grains 
display sector and oscillatory zoning and CL colors vary between pink, light blue, and 
purple (Figure 6-5).  
The oldest zircon in the core rocks is Permian age (two spots, 280.2±18.2 Ma and 
259.1±13.8 Ma) and is located in sample KO30 (Figure 6-4). In CL, this grain has a 
purple core and pink oscillatory zoned rim (Figure 6-5B). The two ages were obtained 
from the distinct purple core of this grain and are discordant (Figure 6-1B). The pink, 
oscillatory zoned rim was not analyzed. 
One Late Eocene age (36.5±6.6 Ma) is located in sample KO31 and is concordant 
but highly uncertain (Figures 6-1C and 6-6). This grain is located in the core of a large 
biotite grain touching apatite and secondary calcite (Figure 6-6). The zircon is light blue 
and exhibits weak oscillatory zoning in its core. The ion microprobe spot is located in the 
core of the zircon (Figure 6-7C). Note that what appears to be sector zoning is actually 
edge effects caused by the zircon crystal faces visible in the SEM image (Figures 6-7C, 
D).  
All Late Oligocene results are obtained from the cores of zircon grains that 
exhibit sector zoning (Figures 6-5C and 6-7A,B) whereas Early Miocene ages are located 
in zircons regions that exhibit oscillatory zoning (6-5A,D). These zircons are located in 
or near biotite, iron oxide, hornblende, and plagioclase (Figures 6-4 and 6-6). Two Early 
Miocene zircons are located near the fluid interaction texture of red rims on plagioclase 
(Figures 6-4 and 6-6). All ages are concordant with the exception of zircon 1 from KO31, 
which is reversely discordant (Figure 6-1A,C). 
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6.2.2 Southeastern Edge of the Kozak Pluton 
Zircons from the southeastern edge of the Kozak pluton range from the Late 
Oligocene to Early Miocene epochs (Figure 6-1 and Table 6-1). The ages overlap with 
those from the inner portion of the pluton, but more zircons of younger age are found in 
these rocks. Late Oligocene ages are located in regions of oscillatory zoning (Figures 6-
9A,B and 6-11A) and Early Miocene ages are mostly located in regions of sector zoning 
(Figures 6-9C,D and 6-11B,C). Similar to the inner Kozak pluton, most Early Miocene 
zircons are found near fluid interaction textures including myrmekite, red rims on alkali 
feldspar, and biotite altered to chlorite (Figures 6-8 and 6-10). Many grains from the 
inner Kozak pluton contain rims that do not CL (Figures 6-9 and 6-11). CL colors are 
similar to zircons from the inner portion of the Kozak pluton (Figures 6-9 and 6-11) and 
no correlation between age and color is found.  
6.3 AGE OF EYBEK PLUTON 
Previously reported ages for the Eybek pluton range from 34.7±2.0 Ma 
(Murakami et al., 2005) to 20.1±0.7 Ma (Altunkaynak et al., 2012) (See Table 2-1). 
These ages were obtained by U-Pb dating of zircon and K-Ar dating of biotite, 
hornblende, and orthoclase. The U-Pb ages are interpreted as timing pluton emplacement 
of whereas the K-Ar ages are interpreted as pluton crystallization (e.g., Murakami et al., 
2005; Altunkaynak et al., 2012). This study presents the first reported in situ zircon ages 
and color CL images from the Eybek pluton.  
Sample KO37 was collected along the central eastern edge of the pluton and 
samples KO39 and KO40 were collected along the northeastern edge of the pluton (see 
Figure 2-4). In this study five zircons were dated from sample KO37 (Figures 6-2, 6-12 
and 6-13), three from sample KO39 (Figures 6-2, 6-14 and 6-15), and eight from sample 
KO40 (Figures 6-2, 6-16 and 6-17, Table 6-2). Overall, zircons from the Eybek pluton 
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are Early Oligocene to Early Miocene age (32.5±3.0 Ma to 21.0±1.2 Ma), with an 
average age of 26.5±2.0 Ma, a weighted mean age of 27.6±0.4 Ma, and a MSWD of 2.4 
(Tables 6-2 and 6-5).  
6.3.1 Central Eastern Edge of Eybek Pluton 
Zircons from the central eastern edge of the Eybek pluton were found in sample 
KO37 and are Late Oligocene to Early Miocene age (Figure 6-2 and Table 6-2). Ages 
were obtained from both the cores and rims of zircons, but no pattern was found between 
ages in the core versus the rim (Figure 6-13). All zircons touch iron oxide and the four 
Late Oligocene zircons are also located in or near hornblende (Figure 6-12). Two Early 
Miocene zircons are associated with alteration textures (Figures 6-12 and 6-13A). One 
21.0±1.2 Ma zircon is located in the center of an alkali feldspar containing microcracks 
radiating from the core (Figure 6-12), whereas another 21.4±1.2 Ma zircon displays a 
dark, resorbed rim within the oscillatory zoned region (Figure 6-13A). Similar to the 
Kozak pluton, all zircons display a variety of colors in CL (Figure 6-13). In general, all 
zircons display oscillatory zoning but the core of one zircon is also sector zoned (Figure 
6-13).  
6.3.2 Northeastern Edge of Eybek Pluton 
Although zircons from the northeastern edge of the Eybek pluton overlap in age 
with the central eastern edge of the pluton, zircons are older (Early to Late Oligocene) in 
these samples. Most zircons are found in or near biotite, however, one grain is located 
between quartz and alkali feldspar (Figures 6-14 and 6-16). All zircons display sector and 
complete or incomplete oscillatory zoning except one grain that has flat zoning. Most 
Early Oligocene ages are from zircons that are blue in CL (Figures 6-15B and 6-17E-F), 
whereas Late Oligocene ages are from zircons that CL pink and blue with distinctly dark 
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gray or white cores (Figures 6-15A-C and 6-17A-D). Unlike the central eastern edge of 
the Eybek pluton, no gray zircons are found (Figures 6-15 and 6-17).   
6.4 AGE OF KESTANBOLU PLUTON 
Five previously reported ages from the Kestanbolu pluton range from 28.0±0.9 
Ma (Fytikas et al., 1976) to 20.5±0.6 Ma (Delaloye and Bingöl, 2000) (See Table 2-1). 
These ages were obtained by K-Ar, 
40
Ar-
39
Ar, and Rb –Sr dating of hornblende, biotite, 
and whole-rock analysis. These Early Oligocene to Early Miocene ages are interpreted as 
timing of crystallization and cooling of the pluton (e.g., Birkle and Satir, 1995; 
Altunkaynak et al., 2012). This study presents the first reported zircon ages from the 
Kestanbolu pluton. 
Sample KO41B was collected from the southwestern edge of the pluton near the 
contact with country rock and samples KO42 and KO43A were collected from the core of 
the pluton (Figure 4-2). In this study, three zircon grains were dated from sample KO41B 
(Figures 6-3A, 6-18 to 6-19) four from sample KO42 (Figures 6-3B, 6-20 and 6-21), and 
six from sample KO43A (Figures 6-3C, 6-22 and 6-23) (see Table 6-3). Overall, ages 
from the Kestanbolu pluton are Late Oligocene to Early Miocene age (26.2±2.0 Ma to 
18.8±1.0 Ma), with an average of 21.7±1.4 Ma, a weighted mean of 22.5±0.3 Ma, and a 
MSWD of 1.9 (Tables 6-3 and 6-5). 
6.4.1 Southwestern Edge of the Kestanbolu Pluton 
Zircons from the southwestern edge of the Kestanbolu pluton range from the Late 
Oligocene to Early Miocene epochs (Figure 6-3A and Table 6-3). All zircons are found in 
biotite, show oscillatory zoning, and are gray and yellow in CL (Figures 6-18 and 6-19). 
The two Late Oligocene ages are from zircons that display distinctly dark cores (Figure 
6-19A,B). The Early Miocene zircon (21.8±1.4 Ma) is located in a healed microcrack of a 
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biotite that contains a Late Oligocene zircon in its core (Figure 6-18). All ages are 
concordant, except the Early Miocene age is discordant and was obtained from the 
incomplete oscillatory zoned region of the grain (Figures 6-3A and 6-19C). 
6.4.2 Inner Portion of Kestanbolu Pluton 
The age of the core of the Kestanbolu pluton is also from Late Oligocene to Early 
Miocene times (Figure 6-3B,C and Table 6-3). These zircons are found near biotite, alkali 
feldspar and plagioclase (Figures 6-20 and 6-22). Unlike the southwestern edge of the 
pluton, in CL the zircons from the inner region are pink and purple as well as yellow and 
gray (Figures 6-21 and 6-23). One zircon contains two distinct colors with a purple sector 
and oscillatory zoned core and pink oscillatory zoned rim (Figure 6-21B). Two Late 
Oligocene ages were obtained from its purple core (Figure 6-21A). All ages were 
obtained from regions with oscillatory zoning except for two flatly zoned pink zircons 
(Figure 6-23E,F). Some Early Miocene ages are found associated with alteration textures. 
Unlike the Kozak and Eybek plutons, the alteration textures are found only in the zircon 
grains, not in their host minerals. One age is from a zircon that has a healed microcrack 
visible along the length of the grain (Figure 6-21A) and three Early Miocene ages are 
from regions of zircons that have resorbed rims in areas of oscillatory zoning (Figure 6-
21C,D).  
6.5 DISCUSSION  
Most ages reported in this thesis are concordant, but some are reversely 
discordant or discordant (Figures 6-1 to 6-3). Reverse discordance may be caused an 
overcorrection of the amount of common Pb in the dated grain. Different common Pb 
corrections were applied to identify the age that best represents the sample (similar to 
Altunkaynak et al., 2012). Zircons may be discordant if the ion beam straddles internal 
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zoning boundaries causing a mixing of ages from the different zones (e.g., Hanchar and 
Miller, 1993). CL images show that the ion beam sampled from regions that display 
igneous oscillatory and /or sector zoning. Discordance may also occur due to Pb loss by 
diffusion or recrystallization (e.g., Faure, 1986).  In CL, some grains display healed 
microcracks and/or resorbed rims.  
These ages (Tables 6-1 to 6-3) suggest that the Kozak, Eybek and Kestanbolu 
plutons crystallized over a ~20 m.y. time frame. Based upon the weighted mean age, the 
Kozak pluton first began crystallizing during the Eocene epoch followed by the Eybek 
pluton during Early Oligocene times and the Kestanbolu pluton during Late Oligocene 
times. The mean weighted age is calculated by assigning weights to each age based upon 
their uncertainty. All plutons continued crystallizing through the Early Miocene epoch. 
Figure 6-24 displays a probability density plot for the ages obtained from each pluton 
considering the uncertainty of each age. These diagrams display the probability that a 
range of ages are present in the plutons based upon peak height.   
The Permian age zircon in the Kozak pluton is interpreted to be an inherited grain 
as magma moved through the Sakarya continent. The Sakarya continent is composed of 
Precambrian to Paleozoic age crystalline basement covered by Permian to Carboniferous 
age sedimentary units and Permian–Triassic ophiolitic mélange (termed the Karakaya 
Complex) (Şengör and Yılmaz, 1981; Okay et al., 1996). Zircon saturation temperatures 
from the Kozak pluton range from 761 ºC – 771 ºC (Figure 4-12 and Table 4-9). Zircon 
saturation temperatures of 800 ºC – 900 ºC are commonly observed for I-type granites 
whereas temperatures <700 ºC are often observed for S-type granites (Watson and 
Harrison, 1983). The Kozak pluton samples lie between the proposed S-type and I-type 
magmas indicating that dissolution of some but not all, pre-existing zircons in crustal 
melt would occur.  
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Some spatial relationships were found between ages and sample locations in the 
plutons. Zircon ages overlap in samples collected from the Kozak pluton, but older ages 
(by 11 m.y.) were found in its core. This may indicate that multiple pulses of magmatism 
occurred across the pluton with a younger pulse in the southeastern edge. Samples from 
the Eybek pluton were collected only along its eastern flank. Although ages overlap, the 
central area is younger than the northeastern edge. Late Oligocene to Early Miocene ages 
from both the core and rim of the Kestanbolu pluton may indicate that the two regions 
crystallized simultaneously.   
Thin section CL imaging was used to identify relationships between ages and 
mineral textures. Most zircons are located in or near biotite grains. All other zircons are 
found in or near hornblende, alkali feldspar, plagioclase and quartz, but no consistent 
pattern is found between age and location of these minerals. However, many Early 
Miocene zircons from the Kozak and Eybek plutons are found with fluid and/or brittle 
deformation textures of myrmekite, red rims on plagioclase or alkali feldspar, and healed 
microcracks. This may document the timing of exhumation of the plutons. Some Early 
Miocene ages from the Kestanbolu pluton are also found in regions of zircons with 
resorbed rims that may indicate changes in magmatic conditions (e.g., Corfu et al., 2003).  
Some spatial patterns were found between individual zircon CL colors, but there 
is no clear correlation between color and age. Pink, purple, light blue, yellow, and gray 
CL colors are found in zircons from the Kozak pluton and the central eastern edge of the 
Eybek pluton, but no gray zircons are found in the northeastern portion of the Eybek 
pluton. Light blue zircons were not found in the Kestanbolu pluton, or purple and pink 
zircons from the southwestern edge of the pluton. Even though the exact causes of zircon 
CL color are unclear (e.g., Corfu et al., 2003; Nasdala et al., 2003), differences in color 
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across these plutons may indicate variations in the spatial distribution and abundance of 
trace elements during zircon crystallization.  
Two zircons (KO30 zircon 3 and KO42 zircon 3) display two distinct colors with 
purple cores and pink rims. Two distinct colors in a single grain may be explained by 
initial nucleation of the core followed by later crystallization of the pink outer rim (see 
also Hanchar and Rudnick, 1995). In the case of the Permian zircon (KO30 zircon 3) the 
purple core may be inherited and the pink rim may represent igneous crystallization 
around the entrained grain. However, the other grain (KO42 zircon 3) may have 
experienced igneous crystallization represented by the purple core succeeded by igneous 
crystallization after a change in magmatic conditions represented by the pink rim.  Ages 
were not obtained from the pink regions of both zircons so the significance of these rims 
cannot be fully interpreted.  
No consistent patterns between zircon ages and oscillatory and/or sector zoning 
were identified. The inner Kozak pluton contains Late Oligocene ages from regions of 
sector zoning and Early Miocene ages from areas of oscillatory zoning. However, this 
relationship is not found in the southeastern edge of the pluton. Within the northeastern 
edge of the Eybek pluton, Early Oligocene ages are from zircon rims with complex sector 
and incomplete oscillatory zoning whereas Late Oligocene ages are from zircon cores 
that display oscillatory zoning and/or sector zoning.  
The zircon ages obtained in this study overlap with previous studies. Previously 
reported ages were mostly obtained by the dating methods of K-Ar, Rb-Sr, and 
40
Ar-
39
Ar 
of biotite, hornblende, orthoclase and whole rock analyses. These ages are interpreted to 
be crystallization ages of the pluton. Only the Eybek pluton has U-Pb zircon ages 
(27.2±0.4 Ma to 20.1±0.7 Ma) that are interpreted to be emplacement ages of the pluton. 
A key problem is that these studies do not report sample location.  These ages could time 
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emplacement and crystallization of different units within the plutons. Previously reported 
bulk geochemical analyses revealed a wide range of compositions that could be evidence 
for multiple bodies within the plutons.  
The in situ method coupled with CL imaging and sample locations provides more 
information to better interpret the ages I obtained. Many of the Early Miocene age 
zircons were found associated with brittle deformation or fluid-rock interaction textures 
including healed microcracks and red rims on feldspars. This may indicate that the Early 
Miocene zircons time exhumation events of the plutons while the Late Oligocene zircons 
time initial crystallization of the plutons.  The inner Kozak pluton has older ages than the 
southeastern edge that may indicate the edge of the pluton is a different unit than the core 
of the pluton. Thin section CL imaging documents magma mixing events for these 
plutons and may be evidence that the difference in ages between the core and rim of the 
Kozak pluton documents crystallization of these mixing magmas.  
The absence of some zircon CL colors in regions of the plutons may indicate 
variations in the distribution of trace elements across the plutons, and may also be 
evidence for different units within the plutons. The Kestanbolu samples do not contain 
light blue zircons. Purple and pink zircons were not found from the southwestern edge of 
the Kestanbolu pluton, and no gray zircons are found in the northeastern portion of the 
Eybek pluton. Bulk geochemical analyses show that the Kestanbolu pluton is in general 
more enriched in trace elements compared to the Kozak and Eybek bodies and may be 
evidence for the lack of certain colors in this pluton.  
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Figure 6-1: Concordia diagrams from the Kozak pluton samples (A) KO30, (B) KO30 
zircon grain 3, (C) KO31, (D) KO32, and (E) KO33. Nomenclature (z#s#) 
refers to the zircon number and spot number.  * refers to using the 204 Pb 
correction and all others use 206Pb/208Pb correction assuming common 
206Pb/204Pb=18.86, 207Pb/204Pb= 15.62, and 208Pb/204Pb= 38.34. 
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Figure 6-2: Concordia diagrams from the Eybek pluton samples (A) KO37, (B) KO39, 
and (C) KO40. Nomenclature (z#s#) refers to the zircon number and spot 
number.  * refers to using the 
204 
Pb correction and all others use 
206
Pb/
208
Pb 
correction assuming common 
206
Pb/
204
Pb=18.86, 
207
Pb/
204
Pb= 15.62, and 
208
Pb/
204
Pb= 38.34. 
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Figure 6-3: Concordia diagrams from the Kestanbolu pluton samples (A) KO41B, (B) 
KO42, and (C) KO43A. Nomenclature (z#s#) refers to the zircon number 
and spot number. * refers to using the 
204 
Pb correction and all others use 
206
Pb/
208
Pb correction assuming common 
206
Pb/
204
Pb=18.86, 
207
Pb/
204
Pb= 
15.62, and 
208
Pb/
204
Pb= 38.34. 
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Figure 6-5: CL images of individual zircon grains dated in sample KO30 of the Kozak 
pluton. Dashed white oval represents ion probe spot and solid white line 
outlines zircon grain.  
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Figure 6-7: CL images and SEM image of individual zircon grains dated in sample KO31 
of the Kozak pluton. Dashed white oval represents ion probe spot and solid 
white line outlines zircon grain. 
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Figure 6-9: CL images of individual zircon grains dated in sample KO32 of the Kozak 
pluton. Dashed white oval represents ion probe spot and solid white line 
outlines zircon grain. 
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Figure 6-10: CL images with ages of in situ dated zircons from sample KO33 of the 
Kozak pluton. Mineral abbreviations after Kretz (1983).  
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Figure 6-11: CL images of individual zircon grains dated in sample KO33 of the Kozak 
pluton. Dashed white oval represents ion probe spot and solid white line 
outlines zircon grain. 
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Figure 6-12: CL images with ages of in situ dated zircons from sample KO37 of the 
Eybek pluton. Mineral abbreviations after Kretz (1983).  
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Figure 6-13: CL images of individual zircon grains dated in sample KO37 of the Eybek 
pluton. Dashed white oval represents ion probe spot and solid white line 
outlines zircon grain. 
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Figure 6-14: CL images with ages of in situ dated zircons from sample KO39 of the 
Eybek pluton. Mineral abbreviations after Kretz (1983). RT= reaction 
texture, DC= deteriorated core, and M=myrmekite. 
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Figure 6-15: CL images of individual zircon grains dated in sample KO39 of the Eybek 
pluton. Dashed white oval represents ion probe spot and solid white line 
outlines zircon grain. 
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Figure 6-16: CL images with ages of in situ dated zircons from sample KO40 of the 
Eybek pluton. Mineral abbreviations after Kretz (1983).  
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Figure 6-17: CL images of individual zircon grains dated in sample KO40 of the Eybek 
pluton. Dashed white oval represents ion probe spot and solid white line 
outlines zircon grain. 
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Figure 6-18: CL images with ages of in situ dated zircons from sample KO41B of the 
Kestanbolu pluton. Mineral abbreviations after Kretz (1983). CRK= 
microcrack.  
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Figure 6-19: CL images of individual zircon grains dated in sample KO41B of the 
Kestanbolu pluton. Dashed white oval represents ion probe spot and solid 
white line outlines zircon grain.   
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Figure 6-21: CL images of individual zircon grains dated in sample KO42 of the 
Kestanbolu pluton. Dashed white oval represents ion probe spot and solid 
white line outlines zircon grain. 
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Figure 6-22: CL images with ages of in situ dated zircons from sample KO43A of the 
Kestanbolu pluton. Mineral abbreviations after Kretz (1983). RR= red rim 
texture.  
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Figure 6-23: CL images of individual zircon grains dated in sample KO43A of the 
Kestanbolu pluton. Dashed white oval represents ion probe spot and solid 
white line outlines zircon grain. 
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Figure 6-24: Probability density diagrams of ion microprobe ages from the Kozak, Eybek 
and Kestanbolu plutons. In these diagrams, peak height is proportional to the 
probability the age is present in the rock and the area under the curve is 
equal to 1(e.g., Jones et al., 2009; Ludwig, 2012). 
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Table 6-1: Ion microprobe 
238
U/
206
Pb data from zircons from the Kozak pluton. 
 
Zrn#_ 
spot#
a 
206
Pb/
238
U 
Age (Ma) 
±1σb 
206
Pb/
238
U 
Age (Ma) 
±1σc 
206
Pb*% 
±1σd 
206
Pb/
238
U  
±1σ (x10-
3
)
e 
Th/U  
±1σf 
UO
+
/U
+ 
 ±1σg 
Sample KO30 (39° 15' 46.60"N, 26° 59' 47.60"E) 
Z3_s2 
280.2 ± 18.2 279.8 ± 18.2 100.1 ± 0.2 44.42± 
2.950 
0.443 ± 
0.012 
6.671 ± 
0.050 
Z3_s1 
259.1 ± 13.8 258.6 ± 13.7 100.2 ± 0.2 41.01 
±2.222  
0.532 ± 
0.013 
6.889 ± 
0.033 
Z4_s1 
25.0 ± 1.9 25.7 ± 2.0 92.9 ± 1.4 3.887 ± 
0.292 
1.030 ± 
0.025 
6.441 ± 
0.026 
Z1_s1
h 
19.6 ± 1.1 19.7 ±1.2 98.1 ± 0.8 3.042 ± 
0.177 
0.810 ± 
0.019 
6.855 ± 
0.035 
Z5_s2
h 
18.6 ± 1.0 18.9 ±1.0 97.8 ± 1.0 2.895 ± 
0.156 
1.411 ± 
0.033 
6.914 ± 
0.019 
Z5_s1
h 
18.0 ± 0.9 18.1 ± 0.9 98.6 ± 0.9 2.797 ± 
0.140  
1.390 ± 
0.033 
7.046 ± 
0.023 
Sample KO31 (39° 16' 17.30"N, 27° 0' 32.60"E) 
Z5_s1 36.5 ± 6.6 35.6 ± 6.4 100.6 ± 0.8 5.679 ± 
1.024 
0.625 ± 
0.018 
5.755 ± 
0.043 
Z2_s1 26.0 ± 1.9 25.3 ± 2.2 83.5 ± 1.7 4.034 ± 
0.299 
1.772 ± 
0.043 
6.479 ± 
0.024 
Z1_s1 23.4 ± 1.3 23.0 ± 1.5 89.0 ± 1.3 3.635 ± 
0.210 
1.490 ± 
0.035 
6.817 ± 
0.020 
Z3_s1
h 
20.5 ± 1.1 20.4 ± 1.1 100.0 ± 0.6 3.185 ± 
0.176 
0.709 ± 
0.018 
6.862 ± 
0.030 
Sample KO32 (39° 14' 38.20"N, 27° 6' 54.00"E) 
Z1_s1
h 
24.8 ± 1.8 25.9 ± 1.8 92.8 ± 1.6 3.858 ± 
0.278 
2.213 ± 
0.060 
6.507 ± 
0.022 
Z2_s1
h 
22.5 ± 1.9 23.0 ± 1.9 97.7 ± 0.6 3.498 ± 
0.295 
0.763 ± 
0.018 
6.305 ± 
0.026 
Z5_s1 21.1 ± 1.7 22.4 ± 2.0 83.0 ± 1.9 3.278 ± 
0.264 
0.924 ± 
0.023 
6.446 ± 
0.021 
Z4_s1
h 
16.8 ± 1.1 17.6 ± 1.2 82.9 ± 1.1 2.609 ± 
0.168 
1.702 ± 
0.044 
6.711 ± 
0.031 
Sample KO33 (39° 14' 46.40"N, 27° 7' 5.80"E) 
Z1_s2
h
 22.8 ± 1.6 23.2 ± 1.6 98.1 ± 0.9 3.542 ± 
0.246 
0.858 ± 
0.415 
6.575 ± 
0.032 
Z1_s1
h 
21.7 ± 1.3 22.0 ± 1.3 98.5 ± 0.9 3.365 ± 
0.207 
1.541 ± 
0.036 
6.676 ± 
0.017 
Z3_s1 19.5 ± 1.1 19.4 ± 1.1 97.8 ± 0.8 3.032 ± 
0.167 
1.002 ± 
0.024 
6.894 ± 
0.021 
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Z5_s2
h 
18.0 ± 0.7 17.1 ± 0.7 93.2 ± 0.7 2.795 ± 
0.113 
1.437 ± 
0.036 
7.399 ± 
0.017 
Z5_s1 17.5 ± 0.8 17.3 ± 0.8 98.9 ± 0.4 2.718 ± 
0.126 
0.726 ± 
0.017 
7.170 ± 
0.015 
Notes: 
a
= Zrn# refers to zircon number and s# refers to spot number. 
b
=denotes using 
206
Pb/
208
Pb correction and 
c
= denotes using the 
204 
Pb correction assuming common 
206
Pb/
204
Pb=18.86, 
207
Pb/
204
Pb= 15.62, and 
208
Pb/
204
Pb= 38.34. 
d
= percent radiogenically 
derived 
206
Pb. 
e
=Measured isotopic ratio in sample. 
f
= Th/U ratios were calculated 
relative to zircon standard 91500. 
g
= Ideally the UO+/U+ lies within the range defined by 
the calibration curve (see Figure 3-2). 
 h
= denotes using the 
204
Pb correction for 
206
Pb/
238
U 
ages. 
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Table 6-2: Ion microprobe 
238
U/
206
Pb data from zircons from the Eybek pluton. 
 
Zrn#_ 
spot#
a 
206
Pb/
238
U 
Age (Ma) 
±1σb 
206
Pb/
238
U 
Age (Ma) 
±1σc 
206
Pb*% 
±1σd 
206
Pb/
238
U  
±1σ (x10-
3
)
e 
Th/U  
±1σf 
UO
+
/U
+ 
 ±1σg 
Sample KO37 (39° 40' 25.40"N, 27° 7' 7.00"E) 
Z3_s1 27.5 ± 1.8 28.4 ± 1.9 93.0 ± 0.7 4.280 ± 
0.282 
0.599 ± 
0.015 
6.631 ± 
0.031 
Z5_s2 27.1 ± 2.9 30.9 ± 4.2 24.1 ± 1.8 4.217 ± 
0.451 
0.590 ± 
0.014 
6.828 ± 
0.031 
Z1_s1 25.7 ± 1.6 26.2 ± 1.6 96.6 ± 0.6 4.000 ± 
0.247 
0.846 ± 
0.020 
6.714 ± 
0.030 
Z5_s1 25.6 ± 1.7 30.6 ± 2.8 33.8 ± 1.1 3.980 ± 
0.257 
0.774 ± 
0.018 
6.804 ± 
0.022 
Z2_s1 25.6 ± 1.6 24.8 ± 1.8 84.1 ± 0.8 3.973 ± 
0.243 
0.747 ± 
0.018 
6.757 ± 
0.026 
Z1_s2 21.4 ± 1.2 21.2 ± 1.2 98.8 ± 0.6 3.332 ± 
0.192 
0.599 ± 
0.015 
6.745 ± 
0.016 
Z4_s1
h 
20.5 ± 1.2 21.0 ± 1.2 95.8 ± 0.9 3.186 ± 
0.187 
1.155 ± 
0.030 
6.753 ± 
0.014 
Sample KO39 (39° 41' 55.60"N, 27° 9' 28.50"E) 
Z2_s1 29.0 ± 2.4 27.1 ± 2.8 64.0 ± 1.2 4.501 ± 
0.367 
0.861 ± 
0.020 
6.354 ± 
0.024 
Z1_s1
h 
25.0 ± 1.7 25.3 ± 1.7 98.1 ± 0.5 3.886 ± 
0.268 
0.631 ± 
0.016 
6.531 ± 
0.024 
Z5_s1
h 
24.6 ± 1.6 25.1 ± 1.7 98.1 ± 0.5 3.827 ± 
0.257 
0.873 ± 
0.021 
6.557 ± 
0.024 
Z2_s2 23.5 ± 1.8 23.1 ± 1.9 91.6 ± 1.5 3.646 ± 
0.287 
0.729 ± 
0.017 
6.429 ± 
0.020 
Sample KO40 (39° 41' 57.30"N, 27° 9' 36.10"E) 
Z7_s1
h 
32.1 ± 3.0 32.5 ± 3.0 98.7 ± 0.6 4.997 ± 
0.463 
0.906 ± 
0.021 
6.210 ± 
0.030 
Z8_s1 30.9 ± 2.8 29.9 ± 2.8 90.4 ± 0.6 4.807 ± 
0.432 
0.654 ± 
0.015 
6.238 ± 
0.026 
Z6_s1 28.3 ± 2.3 27.8 ± 2.3 97.4 ± 1.0 4.400 ± 
0.360 
1.015 ± 
0.024 
6.312 ± 
0.020 
Z1_s1
h 
27.4 ± 2.0 27.5 ± 2.0 99.1 ± 0.6 4.252 ± 
0.313 
0.960 ± 
0.022 
6.438 ± 
0.021 
Z2_s1 27.0 ± 2.1 26.9 ± 2.1 97.7 ± 0.6 4.201 ± 
0.323 
0.851 ± 
0.020 
6.406 ± 
0.030 
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Z5_s1 26.8 ± 2.0 26.7 ± 2.0 99.5 ± 0.5 4.172 ± 
0.307 
0.720 ± 
0.017 
6.487 ± 
0.037 
Z3_s1
h 
26.7 ± 1.9 27.1 ± 1.9 97.7 ± 0.6 4.145 ± 
0.292 
0.977 ± 
0.022 
6.474 ± 
0.014 
Z4_s1
h 
25.7 ± 1.8 25.9 ± 1.8 98.7 ± 0.7 3.997 ± 
0.274 
0.769 ± 
0.018 
6.529 ± 
0.020 
 
Notes: 
a
= Zrn# refers to zircon number and s# refers to spot number. 
b
=denotes using 
206
Pb/
208
Pb correction and 
c
= denotes using the 
204 
Pb correction assuming common 
206
Pb/
204
Pb=18.86, 
207
Pb/
204
Pb= 15.62, and 
208
Pb/
204
Pb= 38.34. 
d
= percent radiogenically 
derived 
206
Pb. 
e
=Measured isotopic ratio in sample. 
f
= Th/U ratios were calculated 
relative to zircon standard 91500. 
g
= Ideally the UO+/U+ lies within the range defined by 
the calibration curve (see Figure 3-2). 
 h
= denotes using the 
204
Pb correction for 
206
Pb/
238
U 
ages. 
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Table 6-3: Ion microprobe 
238
U/
206
Pb data from zircons from the Kestanbolu pluton 
 
Zrn#_ 
spot#
a 
206
Pb/
238
U 
Age (Ma) 
±1σb 
206
Pb/
238
U 
Age (Ma) 
±1σc 
206
Pb*% 
±1σd 
206
Pb/
238
U  
±1σ (x10-3)e 
Th/U  
±1σf 
UO
+
/U
+ 
 ±1σg 
Sample KO41B (39° 41' 50.90"N, 26° 12' 7.70"E) 
Z3_s1 23.6 ± 1.7 2.8 ± 1.7 93.2 ± 2.7 3.661 ± 
0.262 
1.304 ± 
0.030 
6.764 ± 
0.034 
Z1_s1 23.3 ± 1.5 21.8 ± 1.8 61.5 ± 0.9 3.615 ± 
0.235 
1.015 ± 
0.024 
6.610 ± 
0.016 
Z4_s1
h 
22.4 ± 1.4 21.7 ± 1.4 96.6 ± 0.6 3.479 ± 
0.211 
1.480 ± 
0.034 
6.682 ± 
0.015 
Z2_s1 16.0 ± 1.5 12.9 ± 3.7 10.7 ± 0.9 2.480 ± 
0.234 
1.009 ± 
0.024 
7.061 ± 
0.037 
Sample KO42 (39° 43' 28.50"N, 26° 14' 16.20"E) 
Z4_s1 21.7 ± 1.2 21.6 ± 1.2 99.6 ± 0.7 3.369 ± 
0.185 
1.350 ± 
0.031 
6.838 ± 
0.020 
Z3_s1 21.5 ± 1.3 21.2 ± 1.3 100.5 ± 
0.7 
3.334 ± 
0.208 
1.101 ± 
0.026 
6.677 ± 
0.023 
Z3_s2 21.2 ± 1.3 20.9 ± 1.3 99.6 ± 0.8 3.288 ± 
0.201 
1.251 ± 
0.029 
6.720 ± 
0.028 
Z5_s1 21.0 ± 1.2 21.0 ± 1.2 99.6 ± 0.4 3.269 ± 
0.183 
1.034 ± 
0.024 
6.792 ± 
0.015 
Z5_s2 19.2 ± 0.9 19.0 ± 0.9 99.3 ± 0.4 2.982 ± 
0.145 
0.896 ± 
0.021 
7.029 ± 
0.027 
Z2_s1 18.8 ± 1.0 18.9 ± 1.0 97.2 ± 0.5 2.925 ± 
0.155 
1.135 ± 
0.026 
6.921 ± 
0.027 
Sample KO43A (39° 44' 4.70"N, 26° 15' 11.00"E) 
Z2_s1
h 
25.9 ± 2.0 26.2 ± 2.0 98.6 ± 0.7 4.020 ± 
0.311 
1.089 ± 
0.025 
6.420 ± 
0.032 
Z5_s1 23.9 ± 2.0 17.3 ± 2.4 91.0 ± 1.6 3.710 ± 
0.317 
0.820 ± 
0.020 
6.459 ± 
0.040 
Z1_s1 23.0 ± 1.4 22.6 ± 1.4 97.9 ± 0.4 3.571 ± 
0.220 
1.194 ± 
0.027 
6.644 ± 
0.019 
Z4_s1
h 
21.4 ± 1.3 21.4 ±1.3 99.0 ± 0.6 3.330 ± 
0.205 
0.854 ± 
0.021 
6.686 ± 
0.021 
Z6_s1 21.3 ± 1.1 20.0 ± 1.6 80.3 ± 0.7 3.314 ± 
0.176 
0.511 ± 
0.012 
7.085 ± 
0.038 
Z3_s1 21.3 ± 1.2 21.0 ± 1.2 97.4 ± 0.8 3.306 ± 
0.186 
0.982 ± 
0.025 
6.851 ± 
0.037 
Z3_s2 20.6 ± 1.2 20.3 ± 1.2 98.3 ± 0.7 3.195 ± 
0.189 
1.190 ± 
0.027 
6.867 ± 
0.034 
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Z3_s3 19.9 ± 1.1 20.2 ± 1.1 98.3 ± 0.5 3.089 ± 
0.170 
0.962 ± 
0.022 
6.870 ± 
0.026 
 Notes: 
a
= Zrn# refers to zircon number and s# refers to spot number. 
b
=denotes using 
206
Pb/
208
Pb correction and 
c
= denotes using the 
204 
Pb correction assuming common 
206
Pb/
204
Pb=18.86, 
207
Pb/
204
Pb= 15.62, and 
208
Pb/
204
Pb= 38.34. 
d
= percent radiogenically 
derived 
206
Pb. 
e
=Measured isotopic ratio in sample. 
f
= Th/U ratios were calculated 
relative to zircon standard 91500. 
g
= Ideally the UO+/U+ lies within the range defined by 
the calibration curve (see Figure 3-2). 
 h
= denotes using the 
204
Pb correction for 
206
Pb/
238
U 
ages. 
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Table 6-4: Ion microprobe 
235
U/
207
Pb data from zircons from all plutons 
 
Sample #_Zrn#_spot#
a 
207
Pb/
235
U Age 
(Ma) ±1σb 
207
Pb*% 
±1σc 
207
Pb/
238
U  
±1σ (x10-3)d 
Kozak Pluton 
KO30_Z3_s2 297.8 ± 18.6 102.1 ± 3.1 340.8 ± 24.59 
KO30_Z3_s1 280.9 ± 15.6  103.1 ± 3.1 318.7 ± 20.28 
KO31_Z3_s1 23.1 ± 2.7 99.5 ± 9.3 23.03 ± 2.77 
KO33_Z3_s1 17.1 ± 3.3 68.3 ± 11.6 17.01 ± 3.32 
KO33_Z5_s2 28.6  ± 2.9 54.9 ± 4.7 28.56 ± 2.90 
KO33_Z5_s1 18.6 ± 1.7 83.6 ± 6.2 18.48 ± 1.75 
Eybek Pluton 
KO40_Z7_s1 26.2 ± 4.2 78.0 ± 9.6 26.09 ± 4.22 
KO40_Z1_s1 23.4 ± 3.4 84.7 ± 10.2 23.31 ± 3.43 
KO40_Z2_s1 21.2 ± 3.9 65.1 ± 9.3 21.13 ± 3.43 
KO40_Z5_s1 26.5 ± 3.7 91.8 ± 8.8 26.43 ± 3.74 
KO40_Z3_s1 17.9 ± 3.2 61.6 ± 10.0 17.79 ± 3.25 
KO37_Z1_s1 27.9 ± 4.2 63.3 ± 7.2 27.80 ± 4.29 
KO40_Z4_s1 21.1 ± 3.9 77.2 ± 12.3 21.00 ± 3.90 
KO39_Z1_s1 20.2 ± 3.0 70.6 ± 8.0 20.12 ± 3.04 
KO39_Z5_s1 15.8 ± 2.9 65.2 ± 10.3 15.71 ± 2.92 
KO37_Z1_s2 18.8 ± 2.7 79.8 ± 9.5 18.63 ± 2.68 
Kestanbolu Pluton 
KO43A_Z2_s1 21.1 ± 3.6 76.8 ± 11.3 21.01 ± 3.60 
KO43A_Z1_s1 22.5 ± 2.4 77.2 ± 6.1 22.44 ± 2.45 
KO41B_Z4_s1 33.6 ± 3.6 70.4 ± 5.5 36.63 ± 3.64 
KO42_Z4_s1 21.4 ± 2.9 92.5 ± 11.4 21.27 ± 2.95 
KO42_Z3_s1 23.9 ± 3.1 108.7 ± 11.6 23.79 ± 3.12 
KO43A_Z4_s1 18.3 ± 2.8 83.0 ± 10.6 18.21 ± 2.77 
KO43A_Z6_s1 27.6 ± 4.8 22.8 ± 3.5 27.52 ± 4.90 
KO43A_Z3_s1 17.5 ± 3.3 63.1 ± 10.9 17.33 ± 3.31 
KO42_Z3_s1 21.2 ± 3.5 93.3 ± 13.1 21.04 ± 3.50 
KO42_Z5_s1 21.7 ± 2.1 93.3 ± 7.1 21.55 ± 2.15 
KO43A_Z3_s2 22.1 ± 3.1 78.1 ± 9.6 21.99 ± 3.13 
KO43A_Z3_s3 16.9 ± 2.2 73.3 ± 8.3 16.83 ± 2.24 
KO42_Z5_s2 19.6 ± 2.1 89.6 ± 6.9 19.51 ± 2.12 
KO42_Z2_s1 14.9 ± 2.1 60.3 ± 7.6 14.76 ± 2.11 
Notes: Notes: 
a
= Zrn# refers to zircon number and s# refers to spot number. 
b
=denotes 
using 
206
Pb/
208
Pb correction assuming common 
206
Pb/
204
Pb=18.86, 
207
Pb/
204
Pb= 15.62, 
and 
208
Pb/
204
Pb= 38.34.
c
= percent radiogenically derived 
206
Pb. 
d
=Measured isotopic ratio 
in sample.  
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Table 6-5: Summary of 
238
U/
206
Pb ion microprobe ages. 
 Average Age 
(Ma) ±1σ 
Weighted Mean 
Age (Ma) ±1σ 
MSWD 
Kozak Pluton 
KO30 20.4 ± 1.3 22.2 ± 0.6 12.7 
KO31 26.6 ± 3.5 34.8 ± 0.8 86.7 
KO32 21.9 ± 1.7 22.7 ± 0.8 7.4 
KO33 19.9 ± 1.2 21.2 ± 0.4 14.0 
All samples 22.1 ± 2.1 30.6 ± 0.3 23.5 
Eybek Pluton 
KO37 24.9 ± 1.8 25.9 ± 0.6 5.0 
KO39 25.7 ± 1.9 26.2 ± 0.9 1.4 
KO40 28.3 ± 2.3 29.1 ± 0.8 1.3 
All samples 26.5 ± 2.0 27.6 ± 0.4 2.4 
Kestanbolu Pluton 
KO41B 22.9 ± 1.5 23.0 ± 0.9 0.5 
KO42 20.6 ± 1.2 20.8 ± 0.5 1.5 
KO43A 22.2 ± 1.5 23.1 ± 0.5 3.2 
All samples 21.7 ± 1.4 22.5 ± 0.3 1.9 
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Chapter 7: Conclusions 
7.1 THESIS CONTRIBUTIONS 
This thesis provides new geochemical and geochronological data to better 
interpret the tectonic evolution of the Biga Peninsula. Major and trace element whole-
rock geochemical analyses, thin section and individual zircon cathodoluminescence (CL) 
imaging, and in situ (in thin section) 
238
U/
206
Pb zircon dating methods were employed to 
better understand the emplacement and exhumation of the Kozak and Eybek plutons 
located north of the Izmir-Ankara-Erzincan suture zone (IAESZ) and the Kestanbolu 
pluton located north of the Vardar suture (see Figure 2-3). The following is a list of 
contributions made to the study area: 
1. Geochemical relationships between the Kozak, Eybek, and Kestanbolu plutons 
were determined by major and trace element analyses. Samples from the Kozak and 
Eybek plutons are granodiorite whereas the Kestanbolu pluton ranges from monzonite to 
quartz monzonite. Geochemical data show that the Kozak and Eybek plutons are 
magnesian, calc-alkalic, and metaluminous whereas the Kestanbolu pluton is mostly 
magnesian, alkali-calcic, and metaluminous (see Figure 4-5). In relation to the 
Kestanbolu pluton, the Kozak and Eybek samples also have flatter REE patterns 
[(La/Yb)N= 16.5±2.7, 14.5±2.0 compared to 22.5±3.2] and show a larger range of Zr 
saturation temperatures at lower values (average temperatures: 754±18 ºC and  750±21 
ºC compared to 770±8 ºC). However, the Kozak and Kestanbolu plutons formed in a 
volcanic arc setting whereas the Eybek pluton formed in a within-plate setting (see Figure 
4-7) based on the trace element diagram Rb/ (Y + Nb). Also, the Kozak and Kestanbolu 
plutons have more negative europium anomalies than the Eybek pluton [(Eu/Eu*) = 
0.68±0.04, 0.70±0.06 compared to 0.82±0.22]. Major and trace element variations 
amongst the plutons may be caused by magma mixing evidenced in thin section CL 
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imagery. Thin section CL also documents fluid-rock interaction textures that may 
contribute to trace element variations between the plutons. Variations may also be caused 
by differences in crustal contamination as the Kestanbolu pluton is located in the 
Rhodope Zone and the Kozak and Eybek plutons are located in the Sakarya zones.  2. 
Thin section CL images document a complex history including magma mixing, multiple 
episodes of brittle deformation, and fluid alteration. This study presents the first reported 
rock thin section color CL images of these plutons. CL images show that all plutons 
experienced fluid-rock interactions evidenced by variation of CL colors along grain 
boundaries and microcracks, myrmekite, patchy feldspar zoning, the presence of calcite 
in microcracks and deteriorated and cracked plagioclase cores (see Chapter 5). The 
absence of secondary calcite in samples from the Eybek pluton suggests that CO2 rich 
fluids did not pass through these rocks. The Kestanbolu pluton appears the most altered 
in CL, as evidenced by numerous brittle deformation and fluid alteration textures (see 
Figures 5-8 to 5-10). These relationships demonstrate the importance of CL imaging to 
identify brittle and fluid deformation features in the rocks not visible in hand samples. 
3. Individual zircon CL images document a range of colors and internal 
structures with no apparent correlation with age. This study presents the first zircon 
color CL images from these plutons. Internal structures observed in the zircons include 
distinct cores and oscillatory and sector zoning. Although each dated grain (39 zircons, 
see Figures 6-3 to 6-24) was imaged, no consistent correlation between zircon CL color 
and age was found. However, not all CL colors of Kozak pluton zircons are present in the 
Eybek and Kestanbolu rocks. No gray zircons are found from the northeastern portion of 
the Eybek pluton. No light blue zircons from all regions of the Kestanbolu pluton and no 
pink or purple grains from the southwestern edge were found. As CL is tied to HREE 
contents of zircon, this observation suggests heterogeneity and variations in the 
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distribution of trace elements among the plutons. Bulk trace element analyses reveal that 
in general the Kestanbolu pluton is more enriched in trace elements compared to the 
Kozak and Eybek plutons. The Kozak and Kestanbolu display more negative Eu 
anomalies. The Kozak and Eybek plutons display flatter REE patterns compared to the 
Kestanbolu plutons. The variation in trace element compositions between the plutons and 
may result in the observed spatial distribution of zircon CL colors.  
Two grains from the Kozak and Kestanbolu plutons contain zircons of two 
distinct CL colors with purple cores and pink rims (see Chapter 6). This internal texture 
likely documents changing magmatic conditions. In the Kozak plutons, the purple core is 
the Permian protolith while the pink rim is likely crystallization of the magma the 
protolith was entrained in. In the Kestanbolu pluton, the purple core may document 
igneous crystallization of the magma and the pink rim may document crystallization of a 
mixing magma.  
4. In situ ion microprobe zircon ages constrain the timing of crystallization for the 
Kozak, Eybek, and Kestanbolu plutons. This study presents the first in situ (in thin 
section) ion microprobe 
238
U/
206
Pb zircon ages from the three plutons and the first zircon 
ages ever reported for the Kozak and Eybek bodies. The data suggest that the Kozak 
rocks began crystallizing zircon in the Late Eocene epoch followed by the Eybek pluton 
in the Early Oligocene epoch and the Kestanbolu during Late Oligocene times. One 
zircon from the Kozak rocks that has a Permian age in its core and is likely inherited. The 
plutons continued crystallizing zircon through the Early Miocene. Many Early Miocene 
age zircons are located in or near minerals that display brittle deformation or fluid 
interaction textures including healed microcracks and red rim reaction textures on 
feldspars. The Early Miocene ages may time exhumation events of the plutons.  
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7.2 OUTCOMES OF RESEARCH QUESTIONS  
This thesis proposed three major research questions: 
1. What are the probable source rocks and source regions for the Kozak, Eybek, and 
Kestanbolu plutons?  
2. When did the Kozak, Eybek, and Kestanbolu plutons crystallize? 
3. How and when did the Kozak, Eybek, and Kestanbolu plutons exhume? 
Samples from the Kozak and Eybek plutons are consistent with a tectonic setting 
similar to the main portion of a Cordilleran-type batholith (Frost et al., 2001; Frost and 
Frost, 2008). The geochemical composition of the Kestanbolu samples is consistent with 
a setting inboard from Cordilleran-type batholiths (Frost et al., 2001; Frost and Frost, 
2008). Trace element data suggest the Kozak and Kestanbolu plutons formed in a 
volcanic arc setting whereas the Eybek formed in a within-plate setting.  
Overall, the zircons from the Kozak, Eybek, and Kestanbolu plutons crystallized 
from the Late Eocene through the Early Miocene epochs over a period of at least 20 
million years (36.5±6.6 Ma to 17.1±0.7 Ma). CL images document various CL colors and 
oscillatory and sector zoning related to different stages of igneous crystallization. Zircon 
ages from the Kozak rocks show a transition from a generally older pluton core to a 
younger rim. Other samples show overlaps between ages from the inner portion to the 
rim of the plutons. The spatial distribution of zircon ages documents the timing of 
crystallization for multiple magma bodies. The spatial distribution of zircon CL colors 
may also be evidence for multiple magma bodies. It is possible that the Early Miocene 
ages, which are commonly found among deformation textures (see Chapter 7), likely 
document the rocks exhumation. These ages are consistent with data that suggest Aegean 
extension was ongoing at this time (Le Pichon and Angelier, 1979; Jolivet and Faccenna, 
2000; Brun and Sokoutis, 2010). 
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Overlapping zircon ages between all three plutons is evidence that the Kestanbolu 
pluton was not generated following the collision of the Sakarya and Rhodope zones. The 
differences in the geochemical compositions of the Kestanbolu pluton may be a result of 
varied crustal lithologies as the magma body was emplaced in the Rhodope Zone. The 
Kozak and Eybek plutons were emplaced in the Sakarya Zone. The Eybek pluton has a 
geochemical composition suggesting a within plate setting and may have formed during 
exhumation of the Kazdağ Massif, instead of the subduction zone between the Anatolide-
Tauride fragment and the Sakarya Zone. All plutons contain Early Miocene ages from 
zircons located in brittle deformation and fluid alteration textures that likely document 
exhumation of the plutons. Exhumation of the plutons may have been a passive response 
to the larger regional extensional stresses known to be occurring at this time.  
7.2.1 Tectonic Model 
I suggest that slab dehydration of the subducting slab of the Anatolide-Tauride 
block caused fluid flux melting of the lithospheric mantle and partial melting of the 
overlying Sakarya and Rhodope zones and generated the intrusive granitoid magmas of 
the Kozak and Kestanbolu plutons (see Figure 2-3). The Kozak pluton is located closest 
to the subduction zone whereas the Kestanbolu pluton is located farthest from the 
subduction zone resulting in the alkali-calcic signature of these samples (see Figure 2-3 
and Figure 4-5). Collision between the Anatolide-Tauride block and the Sakarya Zone 
occurred along the IAESZ and is reported to have initiated in the Eocene times (see 
Figure 2-3) (e.g., Harris et al., 1994). Permian ages in the Kozak pluton are likely 
inherited as the magmas moved through crustal units of the Sakarya continent that 
contains Permian to Carboniferous age sedimentary units and Permian to Triassic age 
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ophiolitic mélange (Okay et al., 1996). The Kestanbolu pluton is the last pluton to begin 
crystallizing zircon 26.2±2.0 Ma, marking the end stages of this collision.  
However, the Eybek pluton has a different geochemical signature, and likely 
formed during the exhumation of the Kazdağ Massif, a large scale metamorphic core 
complex (e.g., Okay and Satir, 2000; Duru et al., 2004; Cavazza et al., 2009) (Figure 7-
1). The Eybek pluton may be part of a larger magmatic system located beneath the 
Kazdağ Massif (Figure 7-1), which includes the Evciler pluton to the west of the core 
complex (Figure 7-1). The Evciler pluton has reported K-Ar, 
40
Ar-
39
Ar, and Rb-Sr ages 
ranging between 36-21 Ma (Birkle and Satir, 1995; Delaloye and Bingöl, 2000; Okay and 
Satir, 2000; Altunkaynak et al., 2012) similar to those obtained from the Eybek pluton. 
Upward doming and movement of the larger magma body through the crust likely helped 
drive the exhumation of the Kazdağ Massif. The Kazdağ metamorphic core complex is 
reported to have been exhumed along the Alakeçi and Şelale detachment faults (Figure 7-
1) from the Late Oligocene to the Early Miocene epochs beginning around 24 Ma (Okay 
and Satir, 2000; Bonev et al., 2009; Cavazza et al., 2009). Early Miocene ages from the 
Eybek pluton are located in or near deformation textures, likely documenting the 
exhumation of this pluton during the exhumation of the Kazdağ Massif.  
Exhumation of the Kozak, Eybek, and Kestanbolu plutons and the Kazdağ 
metamorphic core complex continued through the Early Miocene likely because of 
extensional features created by regional tensional stresses (Figure 7-1). A major driver of 
extension in the Aegean is subduction slab roll-back of the present day Hellenic Arc (Le 
Pichon and Angelier, 1979; Jolivet and Faccenna, 2000; Brun and Sokoutis, 2010). This 
subduction zone is composed of the downgoing oceanic lithosphere of the African Plate 
and the overriding Eurasian Plate. Continued extension in the Aegean led to the 
development of grabens in western Turkey such as the Bergama graben south of the 
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Kozak pluton (Figure 7-1) (e.g., Altunkaynak and Yılmaz, 1998; 1999). The Kazdağ 
Massif continued to exhume from the Pliocene to the Quaternary due to transpression by 
strands of the North Anatolian Fault (Figure 7-1) (Cavazza et al., 2009). There is no 
evidence of zircon ages during this time frame in the rocks, as this study employed higher 
temperature geochronometers.  
7.3. AREAS OF FUTURE WORK 
Although this thesis reports new data and aids in our understanding of the 
evolution the Biga Peninsula, there are still many unanswered questions in the region. 
Future research should include: 
1. Future geochronology. The rocks at this time have no constraints for their 
lower temperature history, thus the influence of the NAF on the exhumation 
of these rocks is currently unknown. (U-Th)/He thermochronometry dating 
methods on apatite, a mineral known to be in these samples, should be 
performed to improve our understanding of the low-temperature thermal 
histories and possible influences of the North Anatolian Fault on these rocks.  
 Dating the rims of the two zircon grains displaying purple cores and 
pink rims in CL may date changing magmatic conditions in the Kozak and 
Kestanbolu plutons (Figures 6-5B and 6-21B). For the Kozak pluton, this may 
time when the Permian grain was entrained in the magma and crystallization 
initiated. The pink rim from the Kestanbolu zircon may time crystallization 
from a mixing magma body, or the later stages of crystallization related to 
exhumation of the pluton. 
2. Future geochemical analyses. Isotopes from the rock samples should be 
analyzed to better understand melt sources and evolution. For example Sr-Nd 
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isotope compositions can provide information regarding mantle source 
reservoirs and the degree to which the crust influenced the melt (e.g., 
McCulloch and Chappell, 1982; Wu et al., 2000; Faure and Mensing, 2005).  
3. Future mapping and field work. Mapping and sampling of individual units 
within the plutons should be performed to identify the different units that 
comprise the plutons. Dikes within the plutons should also be mapped to 
identify younger deformation or exhumation events.  
Sample collection and a study similar to this thesis should be 
performed on other plutons in the Biga Peninsula, including the Evciler pluton 
(Figure 7-1), to better constrain magmatism and extension in the region. There 
are no reported zircon ages from the Evciler pluton. Sampling should also be 
performed on the Kazdağ Massif (Figure 7-1) to better understand the 
exhumation of the massif and the role of igneous bodies during its 
exhumation.  
Field mapping of the Vardar suture and Rhodope zone should be 
performed to advance our understanding of the tectonic evolution of this 
continental fragment. Currently, the Rhodope zone is believed to be correlated 
to the Rhodope Massif in Greece and Bulgaria (e.g., Şengör and Yılmaz, 
1981; Okay, 2008) or to the Istanbul Zone in northern Turkey (e.g., Dilek et 
al., 2009) (see Figure 1-1). 
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